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Abstract

The main objective of this work is to study the applications of

critical state soil mechanics to simple shear testing. The problems

with the simple shear apparatus and the approach for interpreting

simple shear test results are described. Laboratory tests were

conducted using the NGI simple shear apparatus, standard shear box arid.

computer controlled stress path testing equipment for samples with

38 mm and 100 mm diameter. The test programme comprised simple shear

and shear box tests on remouled, reconstituted and undisturbed

samples of Cowden till and London clay, undrained triaxial tests on

reconstituted arid undisturbed London clay and stress probing tests on

undisturbed London clay. Simple shear samples were tested under either

constant effective vertical stress or constant volume condition.

Basic results for one-dimensional compression arid for shearing

obtained from 72 simple shear tests , 27 shear box tests and 16 stress

path tests are presented.

Analyses of the simple shear test results indicate that the critical

state friction angle for horizontal planes cs' is dependent on

whether the sample was sheared under constant Ov' or constant volume

condition and on the pre-shearing value of K0 which is a function of

overconsolidation ratio. A theory for the critical states of simple

shear tests which takes into account the influence of K 0 is proposed.

The normalised test data show that the overall patterns of the simple

shear and triaxial tests are as predicted by the critical state model.

Tangent stiffnesses instead of secant stiffnesses were calculated

For simple shear tests, the shear stifTnesses obtained from constant

\' shearing are the same as those obtained from constant volume

shearing. For London clay, the norm alised shear moduli for undrained

triaxial tests have the same order of magnitude as those for constant

volume simple shear tests. Results of probing tests show that

undisturbed London clay is linear anisotropic elastic. The elastic

parameters for the constitutive equations can be measured from special

stress paths.
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A5 to

A

A

E

E

G3

H

K'

K'S

Kus

List of symbols

Ae to De

F

F5

Fa

G'

G

S

K0

L

LL

parameters in constitutive equations for cross-anisotropic
elastic material

parameters in constitutive equations for elasto-plastic
material under simple shear

activity

are a

Young's modulus
•1

Young's modulus in terms of effective stresses

Young's modulus for undrained (constant volume) loading
in terms of total stress

flow parameter

flow parameter for simple shear

axial force

elastic shear modulus

elastic shear modulus for undrained loading in terms
of total stress

elastic shear modulus for simple shear

elastic shear modulus for constant volume loading in
terms of total stress for simple shear

hardening parameters for simple shear

specific gravity of soil grains

maximum drainage path

elastic bulk modulus

elastic one-dimensional bulk modulus for simple shear

elastic one-dimensional bulk modulus for constant

volume loading in terms of total stress for simple
shear

coefficient of earth pressure at rest

length

liquid limit
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b

C,

Cu

cv

d

dh,dv

e

g,h

h

k

k

n

LI
	

liquidity index

normal load on horizontal planes of simple shear sample

OCR
	

overconsolidation ratio in terms of

PL
	

plastic limit

F'
	

plasticity index

overconsolidation ratio in terms of p'

sv
	 shear load on horizontal planes of simple shear sample

T
	

time factor

'it
	 average degree of corfolidation

V
	

volume

vw
	 volume of water

w
	

work done

102'3'	 '-cr3t)

cohesion

undrained shear strength

coefficient of consolidation

diameter

horizontal displacement, vertical displacement

voids ratio

soil constants defining the Hvorslev surface

soil constants defining the Hvorslev surface for simple
shear

height

coefficient of permeability

soil constant in the empirical relationship
k tan8 for simple shear

coefficient of volume compressibility

porosity
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pt

Pcsl

pe,

p0t

ppt

peak'

p

q'

q0'

peak'

q'

q

r

t

ti

t

U

U0

U

V

vcs

V0

VP

Vpeak

v/co

(1/3)(o1 '2'°3'

value of p' at critical state

equivalent stress - value of p' on the normal compression
line at the same specific volume

pre-shearing value of p'

maximum previous stress - value of p' at the intersecting
point of the normal compression line and the swelling
line of an overconsolidated sample

value of p' at peak q'/p' state

(1/3)(01+02+03)

value of q' at critical state

pre-shearing value of q'

value of q' at peak q'/p t state

yield stress

)2J

radius

time

time for calculation of c in I(time) curve fitting method

thickness

pore pressure

steady-state pore pressure

excess pore pressure

specific volume

value of v at critical state

pre-shearing value of v

value of v at peak	 state for simple shear and
shear box

value of v at peak qt/pt state

specific volume of one-dimensionally overconsolidated soil
swelled to p'=l.O kPa

27



VI&ZS , V b 	 specific volume of one-dimensionally overconsolidated soil
swelled to o,'1.O kPa for simple shear and shear box

v	 specific volume on reference section with p'1.O kPa

specific volume on reference section with o'=1.O kPa for
simple shear

w	 water content

x,y,z	 reference axes (y for vertical)

r	 specific volume on rference section with p'l.O kPa at
critical state

specific volume on reference section with o1.O kPa at
critical state for simple shear

large increment of

M	 slope of critical state line on p',q' plane

Mc	 value of H for triaxial compression test

Me	 value of M for triaxial extension test

N	 specific volume of isotropically normally compressed soil
at p'1.O kPa

N0	 specific volume of one-dimensionally normally compressed
soil at p'l.O kPa
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soil at o-,'1•O kPa for simple shear and shear box

E	 sumof

45°^(Ø'/2), angle defining planes with maximum	 '/a'

pore pressure parameter for simple shear

45°+( '/2), angle defining directions of zero strain
increment

engineer's shear strain; shear strain parameter for simple
shear and shear box

unit weight

unit weight of water
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strains for planes parallel with the directions of zero
strain increment

small increment of

strain

axial strain, radial strain

(J/3)[(61_E2)2+(E_63)2+(E_E )2 ]

volumetric strain parameter for simple shear
and shear box

E 1 , E2 , 3	 principal strains (subscripts 1,2,3 denote major,
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'2'	 q'/p'

9	 angle of rotation of directions of principal stresses

S	 angle of rotation of directions of principal strain
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K'/3G'

factor for calculating rate of dissipation of excess pore
pressure in Equation (E.3)

Poisson's ratio

Vu	 0.5, Poisson's ratio for constant volume (undrained)
loading in terms of total stresses

angle of shearing resistance on horizontal planes

PC5'
	

angle of shearing resistance on horizontal planes at
critical state

P
	

settlement

a,
	

effective normal stress
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('	 I)V cs

VP

(I-),

cJcs

a-	 total normal stress

effective axial stress, effective radial stress

a-h'	 effective normal stress on vertical planes

effective octahedra]. normal stress

effective normal stress parameter for simple shear and
shear box

value of o' at critical state for simple shear and shear
box

value of Ov' at peak ¶v'/crv' state for simple shear and
shear box

0ve	 equivalent stress - value of 0v' on the normal compression
line at the same specific volume for simple shear

pre-shearing value of'

maximum previous stress - value of 	 at the intersecting
point of the normal compression line and the swelling line
of' an overconsolidated sample for simple shear and shear
box

effective principal stresses (subscripts 1,2,3 denote
major, intermediate and minor respectively)

V	 effective shear stress

t	 total shear stress

effective shear stress parameter for simple shear and shear
box

oct

0'

øcs,

0'p

value of 't,' at critical state for simple shear and shear
box

Value of	 ' at peak ','Ia-,' state for simple shear and
shear box

effective octahedral shear stress

maximum angle of shearing resistance

maximum angle of shearing resistance at critical state

maximum angle of shearing resistance at peak shear stress

angle of dilation

angle of shearing resistance on vertical planes

angle of shearing resistance on vertical planes at critical
state
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Superscripts

effective stress e.g. c'

e	 elastic

p	 plastic

Subscripts

a	 axial

b	 shear box

cs	 critical state

e	 equivalent stress - stress on the normal compression line
at the same specific volume e.g. crve'

h	 horizontal

o	 ordinary strain

Oct	 octahedral

ps	 plane strain -

r	 radial

s	 simple shear

u	 undrained; constant volume

v	 vertical

x,y,z	 reference axes (y for vertical)

0	 K0 condition
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CHAPTER 1	 INTRODUCTION

Over the last twenty years critical state soil mechanics have

been developed into a simple and powerful model for understanding

the mechanical behaviour of soils.	 The strength of the model

lies in its unification of the fundamental concepts 	 of

consolidation, compression, yielding and failure of soils for both

undrained and drained loading. 	 Most of the ideas in the critical

state theory originated from and are supported by laboratory test

results obtained from the triaxi%al apparatus. 	 There are, however,

various loading conditions in the field which are not simulated by

the triaxial test. One of these conditions is simple shear loading

characterized by shearing associated with the rotation of principal

stress directions under plane strain conditions. Such a loading

condition occurs, for example, in slope stability problems, adjacent

to friction piles or beneath foundations of off-shore platforms.

Although the simple shear test existed even before the development

of the critical state theory, there have been very few studies

which relate simple shear testing to the critical state model. The

main objective of this project is to 	 examine the applications of

the critical state theory to simple shear tests on saturated

clays.	 A secondary objective is to compare soil behaviour in

triaxial tests and simple shear tests.

The layout of this thesis follows the usual conventions observed

by most dissertations based on experimental work. Chapter 2

outlines the basic concepts of the critical state model to

provide a framework for the analyses of data obtained from

laboratory tests. The current knowledge on simple shear testing

and on the two clays, Cowden till and London clay are described

in Chapter 3.	 Chapter 4 gives the engineering geology

background of the two clays which is useful for understanding the

behaviour of undisturbed samples. 	 The equipment used and the

testing procedures followed are described in Chapter 5 and the

raw test data are presented in Chapter 6. Chapter 7 brings

together the previous chapters to develop new understanding of

simple shear tests, triaxial tests and critical state soil
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mechanics through analyses and discussions.	 Chapter 8 sums up

the conclusions drawn in Chapter 7 and recommends possible future

work.
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CHAPTER 2	 BASIC THEORY

2.1	 Introduction

The purpose of this chapter is to form a basis for the theory which

will be used to analyse the test data presented in

Chapter 6. In the beginning of the chapter, the preliminaries

section defines the parameters to be used and the conventions to be

adopted. Then, the approach or analysing the states of stress

and strain in simple shear samples will be outlined and the basic

concepts of elasticity and plasticity will be described in terms of

idealised stress-strain behaviour. The critical state model will

provide the overall framework for analyses and discussions in

Chapter 7. Finally, procedures for normalising test data which

enable experimental results to be compared with theoretical

predictions will be given.

2.2	 Preliminaries

2.2.1	 Stresses and strains in soils

In the analysis of stress and strain in soils, the soil mass is

approximated to a continuum so that all infinitesimal elements

have the same properties as the mass. The normal and shear stresses

acting on a small two-dimensional element OABC are shown in

Figure 2.1(a) and the associated normal and shear strains are

shown in Figure 2.1(b). The same orientation of the orthogonal

reference axes x , y and z as defined in Figure 2.1 will be

used throughout this study. Compressive normal stresses and

strains are defined as positive and shear stresses and shear

strains associated with increases in the angles in the

positive quadrants of the element are defined as positive.

Therefore, all the stresses and strains shown in Figure 2.1

are positive quantities.
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2.2.2	 The principle of effective stress

The principle of effective stress was first stated by Terzaghi (1936).

Based on results from numerous experiments on various saturated

materials including sand and clay over a wide range of total normal

stresses o and pore pressures u, Terzaghi concluded that all the

measurable effects of a change of stress, such as deformation and a

change of shearing resistance, are exclusively due to changes of

effective stresses a' where

cr'	 a - u
	

(2.1)

For engineering purposes, zero value of the stresses a and u is

atmospheric pressure.

2.2.3	 Pure shear strain and engineer's shear strain

Figure 2.2(a) shows the strained element O'A'B'C' with shear strains

Exy and B rotating the element counter-clockwise about 0'

through an angle E,, Figure 2.2(b) is obtained. This shows that

+
	

(2.2)

but
	

6xy	 Eyx
	 (2.3)

therefore,	 2E
	

(2.4)

Similarly,	
'ixy	 2Ey
	 (2.5)

and 6yx are pure shear strains and	 and	 are engineer's

shear strains.	 The engineer t s shear strain consists of a component

of pure shear strain together with a numerically equal component of

body rotation.	 It gives a measure of the change of angle between

two initially orthogonal fibres embedded in the x,y plane.

2.2.4	 Mohr's circles of stress and strain

The Mohr's circle of stress and Nohr's circle of strain corresponding
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to the states of stress and strain in Figure 2.1 are shown in

Figure 2.3. For plotting Mohr's circles, counter-clockwise shear

stresses and shear strains are defined as positive. 	 Hence, the

counter-clockwise shear stress	 and shear strain	 in

Figure 2.1 are positive in Figure 2.3 and the clockwise shear stress

and shear strain are negative. Stresses and strains

associated with the element at different orientations with respect to

the x,y axes can be obtained from the pole of planes P.

2.2.5	 Definition of stress parameters

For triaxial tests, the stress parameters used are stress invariants

which are independent of the orientation of the reference axes and are

measures of the three-dimensional stress states of the samples. The

invariants for effective normal and shear stresses are p' and q'

respectively. In terms of effective axial stress 0 a' and effective

radial stress crr' which are principal stresses, p' and q' are defined

as

pt	 (1/3)(a' + 2r
	 (2.6)

q'	 0a' -	 (2.7)

For general states of stress, where 02' may not be equal to cr3t,

p' and qt are defined as

pt
	

(2.8)

(1/I)[(oi '2' ) 2 +( 2 '	 3t)2^(yty t)2]
	

(2.9)

For simple shear tests and shear box tests, the stress parameters are

not invariants. They are the average stresses determined from the

normal load N and shear load S, acting on the horizontal

boundaries of the sample. The forces Nv,Sv acting on a simple shear

sample are shown in Figure 2.4. The total normal stress and shear

stress parameters are defined as

= Nv /A	 and	 = Sw/A
	

(2.10)

where A is the horizontal cross-sectional area.	 For shear box tests
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the current horizontal cross-sectional area is used in calculating

both normal stress and shear stress. The corresponding effective

stress parameters are

- u	 and
	

(2.11)

where u is the pore pressure in the sample.

2.2.6	 Definition of strain parameters

For triaxial tests, the strain parameters used are strain invariants

which are independent of the orientation of the reference axes and are

measures of the three-dimensional states of strain of the samples.

The invariants for volumetric strain and shear strain are	 and

respectively.	 In terms of axial strain 5a and radial strain Er Which

are principal strains,	 and	 are defined as

+ 26r)	 (2.12)

- 5r	 (2.13)

For general states of strain, where 2 may not be equal to 5 3 , they

are defined as	 -

Ev	 C51+2+E3)
	

(2.14)

65	 (JI3)[(El_E2)2+(e2_53)2+(63_6l)2]
	

(2.15)

For simple shear tests and shear box tests, the strain parameters are

not invariants. They are strains determined from increments of

vertical displacement Sy and increments of horizontal displacement

Lx measured at the boundaries of the sample. The volumetric strain

and shear strain parameters are defined as

6v	 E(- y / h )	 and	 =	 (-6x/h)	 (2.16)

where h is the current height of the sample.
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2.2.7 Correspondence between parameters for stress and strain

Stress and strain parameters are correctly chosen if the sum of the

products of corresponding parameters of stress and of strain gives

the work done by external loads and pressures. 	 The work done by

external loads and pressures is an invariant but the corresponding

stress and strain parameters are not necessarily invariants.

For triaxial tests, the correspondence between the stress parameters

p', q' and the strain parameters Ev E have already been

demonstrated by Atkinson and Bransby (1978).

For simple shear tests, the correspondence between the stress

parameters and the strain parameters , ' can be

demonstrated in a similar manner. The work done by external loads and

pressures is first calculated by considering the sample under simple

shear shown in Figure 2.4. 	 During a small time interval, the

vertical force	 and shear force Sv acting on the horizontal

boundaries of the sample caused the deformations -x and -by.

Assuming the pore pressure has a constant value u and the volume of

water expelled is , the work done W by the external loads

and pressures is

(2.17)= S(-x) + N(-y) - U V

[-qence, the work done per unit volume is

-.	 . (_\ +
	 /	 y\

I- —)+ U -

V	 A	 hi	 A	 h/	 V

where	 V is the change in volume of the sample.	 Therefore,

sw/V = _v ' +	 - uv

+ C; - u)&

Using Equation (2.11),

sw/V =	 + vv

(2.18)

(2.19)

The work done per unit volume calculated from the stress and strain
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parameters is

SW/V	 'V,,'' +	 (2.20)

Since Equations (2.19) and (2.20) lead to identical expressions for

SW/V, the strain parameters '',E., are correctly associated with the

stress parameters 1',o,' for simple shear tests.

2.2.8	 Relationships between ordinary strains and natural strains

The importance of using natural trains in the analysis of soil test

data has been considered by Richardson (1984a). To distinguish

between ordinary strains and natural strains a subscript 'o' is added

to ordinary strain parameters.

For normal strains the relationship between ordinary strains and

natural strains is

E	 .-ln(1 - 6)	 (2.21)

Equation (2.21) allows natural strain parameters 13 to be

calculated from ordinary strain parameters 	 1'3• The triaxial

natural strain parameters	 are then calculated from 61,63

using Equations (2.12) and (2.13).

For simple shear tests, the relationship between ordinary and natural

volumetric strain is derived as

= -by/h	 (2.22)

since	 y = h, the accumulated strain is

h	 1

Jo	 1h0 h

where h0 is the reference height at the start of the test. Therefore,

= -ln(h/h0 )
	

(2.23)

but,	 6vo = -(h-h0)/h	
(2.24)
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giving
	

h0/h
	

(2.25)

so,	 -ln(l-6)
	

(2.26)

For simple shear strains, an increment of natural strain is shown in

Figure 2.4. By geometry,

I-x-x\	 -x

tan1 ( h+h ) tan1 ()
(2.27)

For small increments of shear strain, Equation (2.27) can be written

as

(
X-X\	 I-x
+) -

(2.28)

and for small increments of Sh, Equation (2.28) can be written as

-ax/h
	

(2.29)

The accumulated strain is therefore

X	 1
I--
Jo	 O	 h

(2.30)

There is no explicit solution for Equation (2.30) because x and h are

independent variables. Values of Y can only be calculated numerically

by summing up individual values of £.

2.3	 Analysis of stresses and strains in simple shear tests

2.3.1	 Analysis of' stresses

In an ideal simple shear test, effective stresses as shown in

Figure 2.5 are uniformly imposed on the sample. The Mohr's circle of

stress corresponding to the state of stress in Figure 2.5 is shown in

Figure 2.6. The major principal effective stress o' and minor

principal effective stress O 3 rotate through an angle 9 during

shearing. The intermediate principal effective stress	 2' coincides
with crz' because shear stresses	 and t'' acting on the x,y
plane are both zero.	 The pole of planes is at P and the principal

planes for o' and O 3 are rotated through the angle 8.
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From the geometry of Figure 2.6 the maximum angle of shearing

resistance mobilised in the soil mass 0' is defined as

-1 
0'l	 -

ç6'sin	 I +	 (2.31)

The angle of shearing resistance mobilised on the horizontal plane is

defined as

tan	 (	 (2.32)
\o-' /

and the angle of shearing resistance mobilised on the vertical plane

is defined as

It	 I\
tan	 I xy \	 (2.33)

The angles çb', p' and c' vary during shearing and at critical state,

the theory of which will be outlined later, they become 0cs" Pcs' and

The angle 0cs' is assumed to be a soil constant.

For tests in the NGI simple shear apparatus, assuming the stresses in

the sample are uniform, the stresses 	 measured are the

stresses y"yx' The angle p' can be obtained from 	
Using

Equation (2.32). However, without also knowing	 ore, the Mohrts

circle of stress cannot be drawn and the stress state of the sample

cannot be determined. Furthermore, the angle 	 and the soil constant

0cs' cannot be calculated from the stresses alone. Methods

of estimating the stress state, and hence, 0' will be discussed in

Section 3.3.2.

The relationships among the parameters 0', p' and e can be obtained

from the geometry of Figure 2.6. For the case of O y t > before

shearing,

1	 1

= sin 1	sin(2e)	
(2e)j	

(2.34)

Ltan p' -

p' = tan	
1 sin(29)	 -1

	sin 0' 
+ cos(2e)j	 (2.35)
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ii	 1 sin P')+ p'j	 for 29	 90 0 +Ø'	 (2.36a)8	 [Sin (sin

ii	 1 sinp'\	 i9	 900 - _isin_ I

	

sin p ' )- Pj	 for 28	 90o+.t	 (2.36b)

For the case of 	 <	 before shearing,

r
sin 1 I sin(29	

]	
(2.37)

[ tan p'

sin(28)

p'	 tan 1 [	 1	
-	 (29)]	 (2.38)

sin '

/sin p'\1
[sin_1 t sin	 p']	 for 28	 90°-p'	 (2.39a)

if -1 sin P')+ p']
	 for 299	 90° - -Isin ( sin Ø

Similar equations which apply to critical state can be written by

substituting the parameters ', p', 6 by the critical state

parameters cs''Pcs''8cs• Equations (2.36a) and (2.36b) show that

knowing p' and 0' there are two possible values of 9. This is because

each point is associated with two possible Mohr's circles,

one with 29 < 90°^Ø' and the other with 29 > 90 0 +0 g . For the special

case when (Oy'yx') lies on the 0' envelope, there is only one

possible Mohr's circle and both Equations (2.36a) and (2.36b) become

9	 (90°+p').

Figure 2.7 shows that two planes are subjected to a maximum stress

ratio of tan 6'. The directions of these two planes are defined by the

angle	 and from the eometry of Figure 2.7,
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oc	 450 + . 01
	

(2.40)

2.3.2	 Anaylsis of' strains

In a simple shear test, if the intended boundary conditions are met

and the strains are uniform, the incremental strains occurring in the

sample are as shown in Figure 2.8. Since no radial deformation is

allowed,

0
	

(2.41)

From the definitions of the parameters
	

Y given by

Equation (2.16),

-Sy/h
	

(2.42)

-ax/h
	

(2.43)

Equation (2.43) shows that a simple shear strain increment is an

engineer's shear strain increment. Mohr's circles of strain

increment for a compressing sample and for a dilating sample are shown

in Figures 2.9(a) and (b) respectively. The major principal strain

increment	 and minor principal strain increment 66 3 rotate

through an angle 9 during shearing. The intermediate principal strain

increment	 2 coincides with 6 E because shear strains 	 and 'zy

are both zero and from Equation (2.41),

6E2 	 0	 (2.44)

Equation (2.44) indicates that the sample deforms under plane strain

condition. The pole of planes is at P and the principal planes for

SE 1 and 65 3 are rotated through the angle 8. From the geometry of

Figure 2.9,

+	 +

1 =
	

2
	 (2.45a)

- /[()2 + (l)2)

E3 =	
2
	 (2.45b)
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Is
_tan) (2.48)

Combining Equations (2.15), (2.44), (2.45a) and (2.45b),

3
[seV	 + - () 2 	 (2.46)

4	 J

The angle of dilation W which represents the relative magnitudes of

normal and shear strains is defined as

+
-sin I

- e3)	
(2.47)

and, in terms of' the simple shear strain parameters,

The angle W is positive for negative (dilational) volumetric strain

and negative for positive (compressive) volumetric strain. Hence, from

the geometry of Figure 2.9,

2e - 90 0	(2.49)

In each of Figures 2.9(a) and (b), there are two planes represented

by broken lines for which increments of normal strain are zero and the

directions of zero strain increment (also called zero extension lines)

are normal to:these planes. One of these planes is vertical and the

other, from the geometry of Figure 2.9 is inclined at an angle of 5"

to the horizontal.

Figure 2.10 shows the directions of zero strain increment

corresponding to the planes represented by the broken lines in

Figure 2.9(a). One of these directions is horizontal and the other,

from the geometry of Figure 2.9(a), is inclined at an angle of 5" to

the vertical. The directions of zero strain increment can also be

defined by the angle 1e which, from the geometry of Figure 2.10, is

given by

(2.50)

The increments of shear and normal strains for planes parallel with

the directions of' zero strain increment are marked as 	 From

the geometry of Figure 2.10, g 6	 and the tangents to

the Nohr's circle at the points (SE,6') make an angle 	 5" with
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the £6 axis.

For the case of constant volume shearing, for which no volume change

is allowed to take place during shearing, Equation (2.48) shows that

' is zero. According to Equation (2.49), 9 becomes a constant value

of 45° so that there is no rotation of and £ 3 during constant

volume shearing and the Mohr's circle of strain increment Is as shown

in Figure 2.11. Equation (2.50) shows that for !^' 0, the directions

of zero strain increment are the horizontal and vertical directions.

This is so because during constant volume shearing the sample is not

allowed to deform in the horizontal and vertical directions.

2.4	 Elasticity and plasticity for soils

2.4.1	 Purely elastic stress-strain behaviour

When a purely elastic material Is loaded, the energy transferred from

external forces to the material is fully recoverable when the material

is unloaded. Elastic strain increments are related to increments of

stress and the stress-strain behaviour of an ideal isotropic elastic

material is given by the generalised form of Hooke's law as

6E	 (1/E')Uot_ V'Scr'- V' o ')	 (2.51a)

(1IE')Ucr'_ V' o '- V'S0')	 (2.51b)

(1IEt )( S crt_. V'kTt_ V'o')	 2.51c)

c,e	 (2/E')(l + V') ST	 '	 (2.51d)° xy	 xy

(2.51e)(21E')(l + V' ) °

(2/E')(l + V' )	 T '	 (2.511)a

where E' and i," are the Young's modulus and Poisson's ratio for

changes of effective stress. If the material is linear elastic E'

and /' are constants.

When the reference axes x, y, z coincide with the axes for principal
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(2.55)

stresses and strains, Equations (2.51) become

6E	 (lIE')(6a1'-V'o2'_y'&cr3')

(1/E')(8c72L.VIk,.3I_Vt-1t)
	

(2.52)

(1/E')(Scr3'- "'8a•i'- V'cr2')

For triaxial tests, with	 803' and	 2	 E 3 , Equations (2.52)

give

	

ee	 2(1^V')	 1
-

	

5	 3E'	 3G'

3(1-2V')	 1
= -

E'	 K'

(2.53)

(2.54)

where G' is the shear modulus, K' is the bulk modu1us, and they are

related to E' and 'y" by

E'/[2(1+ V')]	 and	 K' = E'/[3(1-2V')]

For simple shear tests, Equation (2.51d) gives

2	 1
- (1i-I') r '	 i--	 'E'	 5

(2.56)

where G3' is the shear modulus and it is related to E' and 	 by

G5 '	 E'/[2(1+V')]
	

(2.57)

The subscript 's' of G 5 ' indicates that the parameter G 5 ' is

appropriate for simple shear tests, and from no.w on subscripts 's'

will be added to all simple shear parameters. Although the stress and

strain parameters for triaxial and simple shear tests are different,

Equations (2.55) and (2.57) show that the shear moduli for the two

types of tests are the same.

Substituting Equation (2.41) into Equations (2.51a) and (2.51c) gives

46



0

0

hence,	 [ y'/(l-V')]	 (2.58)

Substituting Equation (2.58) into Equation (2.51b),

11	 (1+V')(1-2V')	
£0-'	 (2.59)

V	 E'	 (i-y')

and the modulus K5 ' is related to E' and '/' by

K ' - [(1- '/')E'] / [(1+ V') (1-2 V' )1	 (2.60)5 -

From Equations (2.54) and (2.59), it can be seen that both the bulk

modulus K' and the modulus K 5 ' relate an effective normal stress

increment to an elastic volumetric strain increment. On the other

hand, K' is appropriate for three-dimensional stress and strain

increments whileas K5' is only appropriate for one-dimensional stress

and strain increments. Therefore, K 5' is referred to as an one-

dimensional bulk modulus.

Equations (2.53) and (2.56) demonstrate that increments of elastic

shear strains are dependent only on the corresponding increments of

shear stresses and Equations (2.54) and (2.59) demonstrate that

increments of elastic volumetric strains are dependent only on the

corresponding increments of normal stresses. As a result, the stress

and strain increments of an isotropic elastic material are said to be

decoupled.

Using Equations (2.51a) to (2.51c), it can be shown that for both

constant volume and constant °Y simple shear tests on isotropic
elastic material, &cr ' = Scry' = 0. Hence, the Mohr's circle of stress

increment is as shown in Figure 2.12. Such stress increments, with

£cr'= -cT3 ', are known as pure shear stress increments. The effect of

superposing pure shear increments on any initial stress state is that

the Mohr's circle of stress will change in size but the centre of the

Mohr's circle remains unchanged. From the geometry of Figure 2.12,

cr1 ' is inclined to the vertical at an angle of 45°. If cr1 ' is
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vertical before shearing, the inclination of a' to the vertical,

9 , will be intermediate between 0° and 45° during shearing. The

exact value will depend on the relative magnitudes of the initial cr1'

and the changes in stress.

Soils which are deposited one-dimensionally are cross-anisotropic

with an axis of symmetry in the vertical direction. To describe the

stress-strain behaviour of a cross-anisotropic elastic material

requires five independent elastic parameters: Young's modulus in

the vertical direction Ev' Young's modulus in any horizontal

direction Eh', Poisson's ratio for horizontal normal strain

increments due to vertical normal stress increments

Poisson's ratio for horizontal normal strain increments due to

orthogonal horizontal normal stress increments hh and the

shear modulus for shear strain increments for vertical planes 0vh'•

When the axes of principal stresses and strains coincide with the

vertical and horizontal directions, the stress-strain

relationships for a cross-anisotropic elastic material can be

written as

Ae	 q' + ge	 (2.61a)

Ce	 q' + De &'	 (2.6th)

with the relationships between the parameters Ae to De and the

parameters Eq', Eh, '1vh' and 'hh	 as shown in Appendix A.

From Equations (A.1) to (A.3) of Appendix A it can be deduced

that for the case of isotropy B e	Ce	 0 and Equations (2.61a)

and (2.61 b) become Equations (2.53) and (2.54) respectively.

For an anisotropic elastic material the stress and strain

increments are coupled. Equation (2.61 a) shows that elastic shear

strain increments are dependent on both shear stress increments

and normal stress increments and Equation (2.61b) shows that

elastic volumetric strain increments are also dependent on both

shear stress increments and normal stress increments.

In practice, the elastic parameters Ae to De can be determined
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from triaxial tests using the stress path testing equipment

described in Chapter 5. The parameters Ae and Ce can be measured

by subjecting the sample to changes in q' while holding p'

constant and the parameters Be and De can be measured by

subjecting the sample to changes in p' while holding q' constant.

2.4.2	 Purely plastic stress-strain behaviour

A material is considered to be purely plastic if it does not suffer

from any elastic deformation but only deforms plastically. For a

plastic strain increment, all the energy transferred from external

forces to the material is dissipated as friction and is, therefore,

irrecoverable when the material is unloaded.

Figure 2.13(a) shows an example of an idealised purely plastic soil

tested in triaxial condition. When the material is loaded from A to B

there is no straining until the stress reaches q' at B when plastic

straining occurs. The stress q' is known as yield stress and the

material is said to be yielding when plastic straining occurs. When

the material is unloaded from C to D, none of the plastic strain is

recovered. On reloading from D yielding occurs again at C and if the

stress is maintained at y' straining will occur indefinitely.

Figure 2.13(b) shows the behaviour of a purely plastic soil which

strain hardens. At F, no straining will occur unless the stress is

increased above the yield stress q1t. As the stress is increased the

material strains and moves to G when it is unloaded to [-I. On

reloading from H, no straining will occur unless the stress is

increased above the yield stress q2t. Hence, due to straining from F

to G the yield stress of the material has been increased from y1' to

When the material is loaded beyond G it continues to strain

harden until it reaches J. At J, if the stress is maintained at y3'

straining will occur indefinitely. A purely plastic material which

strain softens behaves similarly except that the yield stress has to

be reduced for straining to occur.

For a purely plastic soil with a certain specific volume, combinations

of p',q' at yield in triaxial tests or combinations of v"v' at

yield in simple shear tests can be plotted to form a yield curve.
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Figure 2.14 shows three yield curves KJL, NGP and QFR for three

different specific volumes. An infinite number of yield curves with

the same shape but different sizes each associated with a particular

specific volume form a yield surface in the three-dimensional p',q',v

space for triaxial tests and space for simple shear tests.

The state of a soil may be on or within the yield surface but cannot

lie outside it, therefore, the yield surface represents a boundary

for all possible states.

When a purely plastic soil is loaded, if the state of the soil remains

inside the yield surface, it can only move along a vertical plane

corresponding to a particular yield curve such as plane MNGP in

Figure 2.14. Also, no straining will occur so that any changes in

stress will encounter a rigid response. However, once the state

reaches the yield surface, any further increment of stress which

causes the state to move from one yield curve to another will result

in a plastic strain increment. Hence, no plastic straining occurs

unless the state path moves along the yield surface crossing over

different yield curves.

Figure 2.14 shows the state path followed by the soil tested in

Figure 2.13(b). This path together with the yield curves of

Figure 2.14 are projected onto the p',q' plane in Figure 2.15.

Figures 2.13 to 2.15 show that as the state path moves from F to G,

the yield stress increases from q1' to y2' and the yield curve

NGP associated with G is larger than the yield curve QFR associated

with F. This illustrates the usual behaviour of strain hardening

being accompanied by an expansion of the current yield curve.

Likewise, strain softening is usually accompanied by a contraction

of the current yield curve.

When yielding occurs the direction of the plastic strain increment

vector is dependent only on the state of stress and is independent of

the direction of the stress increment. The precise relationship

between the direction of the vector of plastic strain increment and

the stress state is given by a flow rule. For triaxial tests the

flow rule has a general form of

S6 /	 F	 (2.62a)
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and for simple shear tests,

/	 = F	 (2.62b)

where F and F5 are flow parameters which depend on the shape of the

yield curves. If the plastic strain increment vector is everywhere

normal to the yield curve the flow rule is described as associated and

the normality condition applies.

The relationship between the magnitude of a plastic strain increment

and the magnitude of the corresponding stress increment is given by a

hardening law. For simple shear tests the hardening law has the form

of

6E	 H5	 v ' ^ G5	 'v'	 (2.63)

and from Equations (2.62b) and (2.63),

= F5 -j5 t' + F5G5 6°v'	 (2.64)

Equations similar to Equations (2.63) and (2.64) can be written for

triaxial tests.

2.4.3	 Elasto-plastic stress-strain behaviour

The behaviour of an elasto-plastic material is a combination of the

behaviour of a purely elastic material and the behaviour of a purely

plastic material. Figure 2.16 shows an example of an elasto-plastic

soil tested in triaxial condition. When the material is loaded from A

to B it deforms purely elastically so that when unloaded to A all the

strains are recovered. On reloading to B yielding occurs once the

stress is increased above q1t. As the soil moves along path BC to C

it suffers from both elastic and plastic strains. At C, the strain

that is due to elastic straining ( ee5 )	 and the strain that is due

to plastic straining (E) 	 are as illustrated. During unload and

reload between C and D the behaviour is again purely elastic and

reversible. When the stress is increased above y2' the soil

continues to strain harden until it reaches E. If the stress is

maintained at qy3' at E straining will occur indefinitely.
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In the three-dimensional p',q',v space for triaxial tests and the

'r' space for simple shear tests, the yield surface separates

states which cause only elastic strains from states which cause both

elastic and plastic strains. During loading if the state of the soil

remains inside the yield surface, it can only move along a certain

surface known as an elastic wall. For an isotropic material the

elastic walls are vertical surfaces as shown in Figure 2.17. There is

a direct analogy between elastic walls and the vertical planes shown

in Figure 2.14. State paths on an elastic wall will only cause

elastic strains and state paths which traverse the yield surface will

cause both elastic and plastic strains.

For any increment of stress in a simple shear test, the resulting

increment of strain can be expressed as the sum of its elastic arid

plastic components,

+	 p	 (2.65)

+ 6E	 (2.66)

The elastic components for an isotropic material are given by

Equations (2.56) . and (2.59), and the plastic components are given by

Equations (2.63) and (2.64). Therefore, Equations (2.65) and (2.66)

can be written as

(FH5 + hG5 t ) &t.r + F5G3 &0v	 (2.67)

H 3 Sty' + (G5 + 1/K3t) °Y	 (2.68)

Naylor et al (1981) showed that if the coaxiality condition holds and

the flow rule is associated, then

F5G3 = H5	 (2.69)

Hence, Equations (2.67) and (2.68) become

(F3H5 + hG5 t ) 1:t + H5 &0'	 (2.70)

H3	+ ( H5/F3 + i/K5 ) S0v'	 (2.71)
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Equations similar to Equations (2.65) to (2.71) can be written for

triaxial tests.

2.5	 The critical state model

The crucial idea of the critical state model is that the mechanical

behaviour of a soil can be specified with reference to a unique state

boundary surface. The state boundary surface represents a boundary to

all possible states of stresses and specific volume. It is assumed

that the behaviour of soil is elasto-plastic and that the state

boundary surface is the yield surface. Therefore, the behaviour of

samples of soil whose states are inside the state boundary surface is

purely elastic and plastic strains occur as the state of a sample

traverses the state boundary surface.

The critical state model for triaxial tests on isotropically

compressed samples has been described in detail by Atkinson and

Eransby (1978). A diagram of the complete state boundary surface

given in Atkinson and Bransby is reproduced in Figure 2.18. A constant

specific volume section of the state boundary surface is shown in

Figure 2.19(a). Figure 2.19(b) illustrates the difference between

samples which are on the wet side and on the dry side of critical. As

shown in Figure 2.19(a) normally consolidated and lightly

overconsolidated samples are wet of critical and samples dry of'

critical are heavily overconsolidated. It will be assumed that the

general features of this state boundary surface apply also for

triaxial tests and simple shear tests on one-dimensionally compressed

samples.

2.5.1	 One-dimensional compression

During one-dimensional compression and swelling the effective

horizontal and vertical stresses are related by

1(0 0v'	 (2.72)

where	 is the coefficient of earth pressure at rest.
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The normal compression line and swelling lines for triaxial tests are

v	 N0 - ?. in p*
	

(2.73)

v	 v,0 - / in pt
	

(2.74)

where N0 is the specific volume at p' = 1.0 kN/m 2 and the subscript

'o' of N 0 and v 0 denotes K 0 condition. The corresponding

equations for simple shear tests are

V	 N -	 in Ov'	 (2.75)

V	 V1 -	 in	 (2.76)

Each swelling line is associated with a particular elastic wall.

Therefore, when an overconsolidated soil is loaded it can only either

move along the swelling line or the associated elastic wall.

Combining Equations (2.6) and (2.72),

pt	 (1/3)(1-i-2K0) 01,'
	

(2.77)

and
	

in p'	 ln[(1/3)(1-,-2K0)J + in
	

(2 .78)

During one-dimensional compression K0 has a constant value so that

differentiating Equation (2.78) gives

d(ln p')	 d(in cr,1t)
	

(2.79)

Differentiating Equations (2.73) and (2.75) gives

d(v)/d(ln p')	 -	 and
	

d(v)/d(ln cry')	 -
	

(2.80)

and from Equation (2.79),

=
	

(2.81)

Therefore, for any particular soil the normal compression line

has the same slope when plotted on v,ln p' plane and v,ln cr'

plane. Substituting Equation (2.78) into Equation (2.73),
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v	 N0 -?dnc(1/3)(1+2K0 ):l -Am °Y	 (?.82)

Comparing Equation (2.75) with Equation (2.82) and applying

Equation (2.81),

N5	 N0 -Aln[(1/3)(1^2K0)]	 (2.83)

For triaxial tests, the overconsolidation ratio is defined as

p ' /p '	 (2.84a)

and for simple shear tests,

OCR	 o•'/o-'	 (2.814b)

where P' and O \fç t are maximum previous values of p' and

respectively.

Combining Equations (2.77), (2.84a) and (2.84b), R	 and OCR are

relate.d as

[
1^2Ko)flcl (OCR)	 (2.85)

1^2K0 J

where ( K0 )	 is the value of K0 for normal compression.

2.5.2 One-dimensional consolidation

For a layer of saturated soil with a steady-state pore pressure u0

if an increment of total stress 	 is suddenly applied at time tO

on the soil surface, excess pore pressures	 will be generated in

the layer. As time passes, water will be squeezed out of the pores

and the excess pore pressures will dissipate. By considering

stresses, pore pressures, seepage and compressibility of an element in

the layer, the theory of one-dimensional consolidation states that the

change of these excess pore pressures with time at different depths y

of the layer is described by the partial differential equation
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v	 =	 (2.86)

The coefficient of consolidation c 	 is given by

c	 k/(m,	 (2.87)

where k is the coefficient of' permeability and m is the

coefficient of volume compressibility. The coefficient m is

defined as

&o'
	

(2.88)

where	 is an increment of volumetric strain caused by an increment

of effective stress	 over a time interval 	 t . Both k and

are assumed to remain constant throughout the consolidation.

The solution of Equation (2.86) is given by Taylor (1948) in the

form of a Fourier series. In the solution, t appears as a multiple

of' c/h'2 where H is the maximum drainage path so that c/[-J2 is a

constant for any particular boundary conditions. Since (ct ) IE-12 is

dimensionless, it is convenient to define the time factor T as

T	 (ct)/H2	 (2.89)

The average degree of consolidation	 at time t is defined as

U t	 t / Poo
	

(2.90)

where Pt is the overall settlement of the surface of the soil layer

at time t and	 is the final overall settlement when all the

excess pore pressures have dissipated. In terms of T	 and U	 the

solution of Equation (2.86) is

Ut	 1 _(2/M 2 )exp(_M 2 Tv )	 (2.91)

where m is any integer and M	 (ii/2)(2m+1).

The value of c, may be determined from the results of a

consolidation stage in a simple shear test using the J(time) curve
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fitting method.	 Figure 2.20(a)	 shows the results from a

consolidation stage of a simple shear test plotted as U, against

with the slope of the initially linear part of the curve defined

as . Figure 2.20(b) shows the theoretical curve given by

Equation (2.91) with the slope of the initial linear part of the curve

approximately equal to 11172 . Therefore, at tt 1 the value of

is Tt/4 and from Equation (2.89),

(T/4)(H 2 It 1 )	 (2.92)

2.5.3	 Critical states

If a soil is sheared continuously it will fail when it reaches a

critical state, a state at which deformations occur with no change in

stresses or in specific volume. At this state the soil behaves as a

frictional fluid so that all the energy transferred from external

forces to the soil is dissipated as friction and the strains are

purely plastic.

For triaxial tests the critical states form a unique critical state

line in pt,qt,v space with its projections on the p',q' and p',v

planes given by

M cs	 (2.93)

Vcs = r-ln cs	 (2.94)

where M and r are soil constants and r is defined as the

specific volume at p5tl.O kNIm 2 . Equation (2.93) is an extended

Von Mises failure criterion and it states that the strength of soil is

purely frictional, and Equation (2.94) states that the critical

state specific volume of soil varies logarithmically with	 cs'

Different relationships between the soil parameters M and

defined in Equation (2.31) apply for triaxial compression tests and

extension tests. This is because the criteria M	 constant and

0cs' constant lead to different general three-dimensional stresses

at critical state. If M is the same in compression and extension,

then
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for compression	 sin 1 [3M/(6^M)]	 (2.95a)

0cs' for extension = sin 1 [3M/(6-M)]	 (2.95b)

In an undrained triaxial test the sample is sheared with

drainage prevented so that the pre-shearing specific volume v0

is the same as the critical state specific volume Vcs • The
undrained shear strength, usually denoted by c , is defined as

the maximum of the shear stress	 V mobilised in the sample at

critical state.	 From the Mohr's circle of stress c	 is the

radius of the circle and is equal to	 q' . Combining Vcs	 V0

and c	 q' with Equations (2.93) and (2.94) and rearranging

c = M exp[(T-v0)/]	 (2.96)

which shows that Cu decreases exponentially with v0 . Samples

with the same v 0 have the same C u irrespective of

overconsolidation ratio.

For simple shear tests the critical state line on the

plane is represented by

"T ')	 = (tanp 5 t)(o ' ) 5 	 (2.97)V CS

where p 5 ' is the critical state angle of shearing resistance

mobilised on the horizontal plane as described in Section 2.3.1.

Equation ( 2.97) is a Mohr-Coulomb failure criterion which is usually

expressed in the form

V	 c' ^ (tan	 (2.98)

and, so,	 Equation (2.97)	 states that soil has no cohesive

strength.	 In Section 2.3.1 it has been shown in Equations (2.35)

and (2.38) that	 is dependent on 9cs which is not a soil

constant. Hence, P' itself is not a soil constant.
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From the geometry of the Mohr's circle of stress shown in

Figure 2.6 it is reasonable to expect that the value of

is, at least partly, affected by the ratio of 	 to cry' before

shearing.	 This ratio is equal to K0 which varies with the

overconsolidation ratio OCR.	 Therefore, a relationship between

and the pre-shearing K0 value will be proposed here.
Figure 2.21 shows a Mohr's circle of stress for a sample with
pre-shearing stresses	 cry0' , K0o 0' . By assuming that the stress

increments applied during shearing are pure shear stress

increments and that remains unchanged during shearing the

Mohr's circle at critical state is also constructed. The meaning

of pure shear stress increments has been explained in

Section 2.4.1.	 As a result of the two assumptions the value of K0
also remains unchanged during shearing. From the geometry of

Figure 2.21,

r0	
(Ko_1)	

(2.99)

(1-i-K \
(o0')sin ^CS	 (2.100)

therefore,
I1+K\2	 K

(	 ')	 - I (i	 '2Sfl2cs' -	 0\(cryot)2J	 (2.101)v cs - 
L	 2 /	 0	 ( 2 )

Since cr	 (cr I)	 substituting Equation (2.97) intovo	 V Cs,

Equation (2.101) gives

tan	 [(sin2Øc_1)+2(sin2Øc+1)Ko4(sin2Øc1 )K02]	 (2.102)

Equation (2.102) shows that	 is not a soil constant but

depends on K0 which is a function of OCR. The equation also

applies when	 crvo'	 Ko0v0' . However, because of the assumption

of remaining unchanged during shearing, Equation (2.102) will

not give good predictions for constant volume tests on normally

compressed samples where cry' reduces during shearing. Two

special cases can be deduced from the geometry of the Mohr's

circle at critical state.	 Firstly, the maximum value of K0
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that can be reached during K swelling is

= (li-sin Ø 5 t ) I ( l -sin Ø')	 (2.103)

and, secondly, p' becomes the same as 	 when

1<0 = (1+sin2 øcs' )/ ( 1_sin2 Øcs t )	 ( 2.104)

For simple shear tests it is not obvious how the critical state line

can be represented on the 	 o',v	 plane. In Equation (2.94) the

unique critical state line on the 	 p',v	 plane is defined by the

soil constants A	 and r •	 It is proposed here to locate the

critical state line on the 	 o-',v	 plane also in terms of ? and r

by relating	 to p' . At critical state Equation (2.8)
becomes

cs	 (l/3)(o•1V+o•2t+o3t)cs 	 (2.105)

Making the assumptions that the stress increments applied during

shearing are pure shear stress increments and that remains

unchanged during shearing, the geometry of Figure 2.21 gives

1 'i-3 ' cs	 v'°h'cs	 (2.106)

where o h t is the normal stress acting on the ends of the sample

corresponding to in Figure 2.5. Using Equation (2.106) and by

assuming that

2'cs	 °•h'cs	 (2.107)

Equation (2.105) becomes

,-.
'cs -	 /3)+2I<o ')	 (2.108)V CS

The relationship between	 2' and crht will be discussed further in

Section 3.3.2. Substituting Equation (2.108) into Equation (2.94),

r- Am (l+2Ko - A ln ' 5	 (2.109)
'3/
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which can be written as

r -	 ln(o,')	 (2.110)

where	 =	 (2.111)

and	
r-1n (1+2K0\	

(2.112)
\3)

Equation (2.112) shows that r5 is not a soil constant but depends on

which is a function of OCR.

The proposed representation of the critical state line for simple

shear tests is illustrated in Figure 2.22. In Figure 2.22(a) the

critical state lines are given by Equation (2.97) with the

influence of K0	 °cs'	 described by Equation (2.102).	 In

Figure 2.22(b) the critical state lines are given by

Equation (2.110) with the influence of K 0 on r5 described by

Equation (2.112).

In a constant volume simple shear test the sample is sheared

without volume change so that v 0 is the same as Vcs • From the

geometry of Figure 2.6, the stress v'cs measured from

constant volume shearing is related to the undrained shear strength

c	 by

(t '	 /V 'cs	 Sifl ( 2O cs)	 (2.113)

Since ecs can be related to	 cs' and 0cs' as ' shown in

Equations (2.36a), (2.36b), (2.39a) and (2.39b), c	 can be expressed

in terms of (tv')cs ' Pcs' and	 .	 For example, for samples

with °\' >	 before shearing and 2e cs	 900 +øcs' , combining

Equations (2.36a) and (2.113) gives

(T ')V cs

1 (Sin
sin [sin_ \sin
	 +	 cs']	

(2.114)
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Hence, for any soil with a known value of 0cs ' the parameters
and measured from a constant volume simple shear

test at v0 can be used to calculate the undrained shear

strength Cu for the same V0 . For the special case of

= 90°	 P' and	 are related as sin	 = tan

which when substituted into Equation (2.114) gives Cu

2.5.4	 The state boundary surface

The first complete theoretical state boundary surface was proposed by

Schofield and Wroth (1968) in the Cam-clay model. Slightly different

shapes for the state boundary surface have been proposed since then.

For example, Roscoe and Burland (1968) derived the Modified Cam-clay

model to give better predictions of strain increments. Atkinson and

Branshy (1978) proposed a state boundary surface based on triaxial

test results, and a summary of the state boundary surfaces for

triaxial tests and plane strain tests is given in Atkinson (1981).

All these models apply to isotropically compressed soil, but more

recently a state boundary surface for K 0 compressed soil is proposed

by Atkinson et al (1987).

The Roscoe surface defines a Curved three-dimensional yield surface

linking the normal compression line to the critical state line. All

normally consolidated samples loaded to failure will traverse the

Roscoe surface to reach the critical state line. The Cam-clay model

and Modified Cam-clay model have slightly different assumptions made

in deriving the two models. The procedure for deriving the Modified

Cam-clay model will be followed here to obtain an analogous Roscoe

surface for simple shear tests.

The total energy per unit volume transmitted to a simple shear sample

has already been given by Equation (2.19). Using Equations (2.65)

and (2.66),

w = We +	 (2.115)

62



2'

Etan2p t
Cs

(2.120)

Swe	 1:,'	
,e +
	 (2.116a)

,tv,	 'P + v'	 (2.116b)

The work done We due to elastic straining is stored within the soil

skeleton and is recoverable on unloading while the work done is

dissipated within the sample as friction. During one-dimensional

compression, both	 and	 P are zero so that Equation (2.116b)

becomes

o-' £E
	

(2.117)

At critical state,
	 66	 is equal to zero and substituting

Equation (2.97) into Equation (2.116b),

(o- ') 5 tan Pcs'
	

(2.118)

A general expression which satisfies both particular conditions is

= cry' 1[(E)2 + (tan Pcs'	
P)2]	 (2.119)

Combining Equations (2.116b) and (2.119) gives the flow rule as

where	 =	 . Equation (2.120) is analogous to the flow

rule for triaxial tests and the Roscoe surface is given by

rtan2p5? +	 1v	 r5 -	 in o-' - (?-) in [
	 2tan2p '	 J	

(2.121)

Cs

The Hvorslev surface adopted by Atkinson and Bransby (1978) was

defined by considering results of drained and undrained triaxial tests

on overconsolidated clay samples. By analogy, the Hvorsiev surface

for simple shear tests is
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r -v
(tan p5t_h5) exp (_ 

)^ha_'	 (2.122)

In a constant specific volume section of the state boundary

surface, Equation (2.122) is a straight line with slope h5

The tension failure surface exists because soil cannot withstand

tensile effective stress. Since O3 has the lowest value of normal

effective stress in a soil sample, the tension failure surface

represents all states with cr3 ' equal to zero. For simple shear

tests, Figure 2.6 shows that if o' becomes zero, then, by
geometry, t,'/o,' 	 tan 0 . Since 0 changes during shearing,
the tension failure surface in the	 0v''!v'1	 space is any plane
passing through the v axis and angled at 9	 to the horizontal

o,',v	 plane.

2.5.5	 Stress-strain relationships inside the state boundary surface

So long as the state of a sample is inside the state boundary surface,

its behaviour is purely elastic and the state remains on an elastic

wall. The stress-strain behaviour of an isotropic linear elastic soil

has been described in Section 2.4.1 and the stress-strain

relationships are given by Equations (2.56) and (2.59). 	 As the
state of a sample remains on an elastic wall, the change of specific
volume is given by

Lv	 - /c 5 S(ln °-'	 - /(3	(2.123)

or	
/(	

La-' (2.124)V

Hence, from Equations (2.56), (2.59) and (2.124),

K3 '	 (va') //.c3	(2.125)
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vo• '	 (1-2 V')
G '	_________S	 1(	 2(l-i')

JL	 2(1-V')
G '	 (1-2V')S

(2.126)

(2.127)

For constant volume loading, Equations (2.56) and (2.59) become

(2.128)= ( 2/E )( 1 +V) S t•	 (l/G15) 51J

1	 (1+ V)( 1_2 V)	 1
- 6 o.v - $o.vv	 Eu	 (1-

(2.129)

where the subscripts u' indicate that the elastic parameters are

appropriate for constant volume loading. 	 Since £t,

= G' and since	 = 0 ,	 K u	 is infinite and	 =

Substituting	 into Equation (2.128) gives G 5	 (l/3)Eu

2.5.6	 Stress-strain relationships on the state boundary surface

The behaviour of a sample whose state is moving on the state boundary

surface is elasto-plastic with the stress-strain relationships

described by Equations (2.70) and (2.71). For the Foscoe surface,

the parameter F5 has already been given in Equation (2.120) as

2
F'5	

tan2p5t - (t)2	
(2.130)

and the parameter H 5 can be obtained from the equation for the

Roscoe surface, Equation (2.121), 	 as

(?%3-ç) (2'2')
H5	

[(tan2p ' + (q t)2]cs	 s

(2.131)

For the !-lvorslev surface, the parameters F 5 and H	 can be obtained

from the equation for the Hvorslev surface, Equation (2.122), as
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1	 1

F5 -[ P\( '-h)	 + h 3	(2.132)

SI	 J

H5	
vo'(5'_h5)

	 (2.133)

2.6	 Normalising test data

In order to compare experimental results with predictions of

the critical state theory, soil test data have to be analysed

and plotted in a way which can expose the pattern of soil behaviour.

Normalising procedures for scaling triaxial test data obtained from

tests with different effective stresses and different specific volumes

have been described by Atkinson (1984a).

2.6.1	 Idealised soil behaviour

The idealised behaviour of an isotropic soil in undrained triaxial

compression tests is illustrated in Figure 2.23. Three samples were

normally compressed to Al and then two of them were swelled to

overconsolidation ratios of 2 and 4 at A2 and A4

respectively. One sample was normally compressed to a higher value of

p' at Cl .	 When sheared, the normally consolidated samples Al

and Cl move along the Roscoe surface to reach the critical state

line	 at	 Bl	 and	 Dl respectively.	 Sample	 A2 is directly

below the critical	 state line	 and so it	 stays	 inside the

state boundary surface until it fails at B2 • The heavily

overconsolidated sample	 A4	 first reaches the Hvorslev surface

at	 J4 where the stress ratio 	 q'/p'	 is a maximum and then

moves along the	 Hvorslev surface to the critical state line at

34 .	 Figure 2.23(c) shows that the	 q'/p' versus	 yE5	 curves

for samples	 Al	 and	 Cl	 coincide. The reason for this will

be explained in Section 2.6.4.

The idealised behaviour of an isotropic soil in constant p' triaxial

compression tests is illustrated in Figure 2.24. Three samples were
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normally compressed to El	 and then two of them were swelled to

overconsolidation ratios of 2 and 4 at E2 and E4 respectively.

One sample was normally compressed to a higher value of p' at
Gi . When sheared, the normally consolidated samples El and Gi

move along the Roscoe surface to reach the critical state line at Fl

and f-Il respectively. Sample E2 stays inside the state boundary

surface until it fails at F2 • The heavily overconsolidated sample

E4 first reaches the Hvorslev surface at	 K4	 where the stress

ratio	 q'/p' is a maximum and then moves along the Hvorslev

surface to the critical state line at F4 • 	 Figure 2.24(c) shows

that the	 qt/pt	 versus	 y E 5 curves for samples El and Gi

coincide.	 The reason for this will be explained in Section 2.6.4.

The normalised behaviour of these eight ideal tests is illustrated in

Figure 2.25. Figure 2.25(a) shows the normalised constant v

section of the paths with the normalising parameter e' defined as

exp [(N-v)/? ]	 (2.134)

and Figure 2.25(b) shows the normalised constant p' section of the

paths with the normalising parameter v defined as

v	 v + A in p'	 (2.135)

The norrnalised paths for all four normally consolidated samples Al,

Cl, El and Gi are the same and the normaiised paths for the two

heavily overconsolidated samples A4 and E4 are the same when they

traverse the Hvorslev surface. The reason for this will be discussed

in Section 2.6.3.

2.6.2	 Normalised critical states

As shown in Figure 2.25 the critical state line becomes a

critical state point in a norinalised section of the state boundary

surface. This, however, is not the case for simple shear tests.

Figure 2.22 shows that for simple shear tests different values

of K0 correspond to different critical state lines. Therefore,

different values of K0 will correspond to different critical

state points in a normalised section.
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For a simple shear sample at state A in Figure 2.26, the

constant v section riormalisirig parameter cTve' is defined as

0ve	 exp [( N5 V)/	 (2.136)

and the constant cry' section normalising parameter v

defined as

v	 v +	 in civ '	 (2.137)

Equations (2.136) and (2.137) are analogous to Equations (2.134) and

(2.135) respectively.

Considering Figure 2.22(b), 	 from Equation (2.136) the normal

compression line is defined as

0	 '	 ( 2.138)v N5 -	 in ye

From Equation (2.109), for any particular value of K0 , a critical

state line is defined as

r-Aln	 -ln( t)

3 )	
V CS	 (2.109)

For any constant v section, the value of V for EquatIon (2.138)

will be the same as the value of v5	 for Equation (2.109).

Hence,	 combining Equations (2.138) and (2.109)	 and applying

Equation (2.111),

(°v ' '\	 rr-N	 ,1+2K 1
exp —i - in	 (2.139)

ve 1 cs	 \ 3 ii

and from Equation (2.97),

It.ve	 fr-N3	 1+2K \1
in (	 Oil	 tan	 (2.140)

cr '	
exp[__.__	

3 1]ye / Cs
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Equations (2.139) and (2.140) together define a critical state

point on the norm alised constant v section for any particular

value of K0

Figure 2.26 shows that at critical state	 v	 becomes	 I'

which is defined by Equation (2.112) as

1+2K
r5	 r-xIn (
	

o)	
(2.112)

and from Equation (2.97),

(T t /cy t	 =
v	 v 'cs	 tan	 (2.141)

Equations (2.112) and (2.141) together define a critical state

point on the normalised constant section for any particular

value of K0

2.6.3	 Normalised state paths

The equation for the	 Roscoe surface has already been given in

Equation (2.121).	 At %'	 0 ,	 v +	 in	 N5	 so that

Equation (2.121) becomes

N5	r5 +	 — 'c) in 2	 (2.142)

Substituting Equations (2.136) and (2.142) into Equation (2.121)

and rearranging, the normalised constant v section of the Roscoe

surface is

__	 (_?\s\	 1

t)(V	
i	

V	 S(V	 (tan	
\	 X -) - iJ	 (2.143)

\o. ' I 	 cs	
I)ve/	 ve/l ye

Substituting Equations (2.137) and (2.142) into Equation (2.121)

and rearranging, the normalised constant cry' section of the Roscoe

surface is
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N3-v5
(i	 (tan p') [ex (
	 ) -

(2.144)

The equation for the Hvorslev surface has already been given in

Equation (2.122). Dividing Equation (2.122) by crve' and

applying Equation (2.136), the normalised constant v section of

the f-Ivorslëv surface is

,r_Ns) + h

(tv'	
(tan p31-h3) exp (

ye!	 A5	 ve/

which can be written as

I1,t \	 10-v1 \

+ h °ve)ye /

(2.145)

(2.146)

where
/

(tan Pcss exp	
)

(2.147)

Equation (2.146)	 shows that the surface is a straight line

with slope h 5 and intercept g 5 on the tv'/O've' axis.

Dividing Equation (2.122) by o\.' and applying Equation (2.137),

the normalised constant o ' section of the Hvorslev surface is

t\7 '

7i 
= ( tan pc51-h5) exp 

(rS_vS) 
h5

"S
(2.148)

Equations (2.143), (2.144), (2.145) and (2.148) are analogous to the

corresponding equations for triaxial tests.

Equations (2.143) and (2.144) show that for triaxial tests the shapes

of the normalised sections of the Roscoe surface depend only on the

soil constants M , N , A and /c . Therefore, in Figure 2.25

the four normally consolidated samples which traverse the Roscoe

surface	 have the same normalised paths.	 Similarly,

Equations (2.145) and (2.148) show that for triaxial tests the shapes
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of the normalised sections of the Hvorslev surface depend only on

the soil constants M , N , r , ? 	 and h .	 Therefore, in

Figure 2.25	 both heavily overconsolidated samples which traverse the

Hvorslev surface have the same normalised paths.

2.6.4	 Normalised tangent stiffnesses

Since the stress-strain behaviour of most soils are non-linear, the

stiffness of a soil varies with strain and is the tangent to its

stress-strain curve. The advantages of defining stiffness parameters

as tangents rather than secants have been discussed by

Atkinson et al (1986).

To derive the normalised tangent stiffness parameters for simple shear

tests Equation (2.70) and (2.71) are written as

(VO•;')	 '	 A Sv' + B5 6ev'	 (2.149)

(vow') 66	 C5	 + D 5	 Tv'	 (2.150)

The full expressions for the parameters A 5 to	 for both

Roscoe surface and Hvorslev surface are given in Appendix B

As explained in Section 2.4.3 the parameters As to are

appropriate for elasto-plastic stress-strain behaviour. Hence, they

are different to the parameters Ae to 0e described in

Section 2.4.1 which are for purely elastic stress-strain behaviour.

For constant volume simple shear tests on normally consolidated

samples, it is shown in Appendix B that

= E5 (T/o)	 (2.151)

with the full expression for E5 given in Appendix B .	 Since

E 5	depends only on	 '	 ' Pc5,	 and '' , and

varies between 0 and	 tan cs' for samples with any pre-shearing

states, the variation of tv /0v	 with v Y is the same for all

constant volume tests. Similarly, the variation of	 q'/p' with

v6 3	is the same for all undrained triaxial tests on normally

compressed samples as suggested in Section 2.6.1. 	 Also, for
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constant volume tests, Equation (2.150) becomes

Cs	 + D 5 £o,'	 0	 (2.152)

Substituting	 Equation (2.152)	 into	 Equation (2.149) and

rearranging,

tv,	 - _______

(vo') Y - A 0 -B2ss $
(2.153)

The term &'/(va\,' &Y) represents the normalised tangent

stiffness. The values of A , B	 and D	 depend only on

and L' , and the relationship between 	 and

v '' is the same for all constant volume tests, as a result, the

variation of	 '/"'	 )	 with	 v '	 is also the same for

all constant volume tests.

For constant	 simple shear tests on normally compressed samples

Equation (2.149) gives

( vow')	 A	 V'

	
(2.154)

Since	 is constant, Equation (2.154) can be written as

v ' A	 "°Y
	

(2.155)

Because A 5 depends only on	 Pc'	 , u 5 '	 and

and	 varies between 0	 and	 tan	 for samples with any

pre-shearing states, the variation of 	 with	 V '	 is

the same for all constant	 tests. Similarly, the variation of

q'/p' with y E5 is the same for all constant p' triaxial tests on

normally compressed samples as suggested in Section 2.6.1. Also,

rearranging Equation (2.154) gives

tv t	 = .1... (2.156)
( vow' ) £'	 A5
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which shows that £ V '/( VtYV t	 ') depends only on p'

and	 .	 Since the relationship between	 and v ' is

the same for all constant	 o,' tests, the variation of

) with	 v ' is also the same for all constant

tests.

Summary

In a NGI simple shear test the measured stresses are

defined by Equations (2.10) and (2.11) and the complete

stress state is not known. From the geometry of the Mohr's circle

of stress each of the parameters pt , ? and e can be

expressed independently in terms of the other two as shown in

Equations (2.34) to (2.39b).	 The strains measured are

defined in Equation (2.16). From the geometry of the Mohr's

circle of strain increments the principal strain increments

can be calculated from 	 ,	 so that the complete

state of strain increment is known.

The stress-strain behaviour for purely elastic materil are

described in Section 2.4.1. For an isotropic material the shear

rnoduli and bulk moduli for triaxial and simple shear tests are

defined in Equations (2.53), (2.54), (2.56) and (2.59). For a

cross-anisotropic material the constitutive equations are

= Ae 6q' + Be bpI	 (2.61a)

Ce	q' + De &pt	 (2.61b)

For a purely plastic material straining only occurs when the state

path moves along the yield surface crossing over different yield

curves. The relationship between the direction of the plastic

strain increment vector and the stress state is described by a

flow rule. The magnitude of a plastic strain increment and the

magnitude of the corresponding stress increment are related by a

hardening law. The general form of the constitutive equations

for an elasto-plastic material is given by Equations (2.70) and

(2.71).
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11 t	 = (tan Pcs' 0v' ) csV 'Cs (2.97)

= r5 - ) lfl(0v')cs (2.110)

The critical state model specifies a unique state boundary

surface for soil. A sample whose states are inside the state

boundary surface is purely elastic and the states remain on an

elastic wall. Plastic strains only occur when the state of

the sample moves on the state boundary surface. The critical

state line for triaxial tests is

= M pS'	 (2.93)

Vcs	 r -?ln cs	 (2.94)

where M , r and X	 are soil constants.	 The critical state

line for simple shear tests can be expressed in the same form

as	 Equations (2.93) and (2.94),

But, p' and	 r5 	 are not soil constants. It is proposed that
and r5 are dependent on K0 which is a function of OCR.

The proposed relationships are

tan Pc	 [(sin2ø1 )+2(sin2 ^c +1 )Ko+(sin2c_1 )K02]
	

(2.102)

1+2K
= r-Aln (
	

o)
(2.112)

The undrained shear strength	 Cu	 5 defined as

can be obtained from triaxial tests. The parameters

and	 measured from constant volume simple shear

where 0v > h' before shearing and	 2e

related to Cu by

(t"V 'CS

sin	
(sin P'\ 

+ Pcs']
sin 0cs)

which

vcs
tests

are

(2.114)
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Similar equations can be written for samples with 2e5

and for samples with	 crht > o,'	 before shearing.

Following the procedure of deriving the Roscoe surface for

Modified Cain-clay, an analogous Roscoe surface for simple shear

tests is written in Equation (2.121). A Hvorslev surface for

simple shear tests analogous to that given by Atkinson and

Bransby (1978) is written in Equation (2.122).

To compare experimental results with the critical state theory,

test data have to be normalised to account for the effects of

different pre-loading states. The idealised behaviour of an

isotropic soil in undrained and constant p' triaxial compression
tests are illustrated in Section 2.6.1.

For simple shear tests, different values of I( correspond to

different critical state points in a normalised section of the

state boundary surface. Using the proposed relationships in

Equations (2.102) and (2.112), 	 the critical state points in a

constant v section are given by Equations (2.139) and (2.140)

and the critical state points in a constant	 o' section are

given by Equations (2.112) and (2.141).

Stiffness parameters are defined as tangents to stress-strain

curves rather than secants (Atkinson et al, 1986). To derive the

normalised tangent stiffness parameters for an isotropic elasto-

plastic soil, the constitutive equations are written as

(vcr') h'	 A	 + B5	(2.149)

(vow')	 C	 + D5 so,'	 (2.150)

with the full expressions for the parameters	 A 5 to	 for

Roscoe surface and Hvorslev surface given in Appendix B

The normalised shear stiffness	 61,'/(vcTv' 6k') for constant

volume and constant	 v' simple shear tests are defined In

Equations (2.153) and (2.156) respectively. For each type of test

the variation of	 tv'/(V0v' ')	 with	 v '	 is independent of
the pre-shearing state of the sample.
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CHAPTER 3	 A REVIEW OF PREVIOUS WORK

3.1	 Introduction

A description of the current state of' knowledge is necessary before

further understanding of' the subject can be achieved. Section 3.2

describes the simple shear test as one form of shear testing among

others. Sections 3.3 and 3.4 provide important information about

simple shear testing which will be useful to the analysis of test data

in Chapter 7. A summary of previous test results which already

exist outside this study is given in Section 3.5 to allow comparison

of results to be made.

3.2	 Shear testing of soils

3.2.1	 Shear testing apparatus

Ideally a soil testing apparatus should be able to impose a completely.

general state of stress in the sample and it should be able to vary

the state of stress so that the principal planes may rotate. These

requirements are technically very difficult to achieve and all

existing apparatus are only able to load the soil in some restricted

ways.

Soil testing apparatus can be divided into two classes with respect to

the boundary conditions applied to the sample. The first class of

apparatus have smooth rigid platens or flexible membranes as a result

of which the sample boundaries are principal planes of stress and of

strain and no rotation of principal axes is allowed. Examples of

this class of apparatus are the triaxial apparatus, oedometer,

plane strain apparatus and true triaxial apparatus. The second

class of apparatus consists of the shear testing apparatus with rough

rigid platens which may rotate so that the sample boundaries need not

be principal planes and rotation of principal axes occurs during

loading.	 Shear testing apparatus which are commercially available

and used in some commercial laboratories are the shear box, simple
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shear apparatus and ring shear apparatus.

The shear box is the simplest and earliest shear testing apparatus,

but it has two major problems. First, the sample is constrained to

deform in such a way that the strains are concentrated in an

indeterminate narrow portion of the sample. Consequently, the

stresses and strains calculated from the forces and displacements

measured at the boundary are not representative of the stresses and

strains in the sample. Second, even if the stresses in the sample

are assumed to be uniform, the stresses measured do not provide

sufficient information to define the complete stress state of the

soil.	 Hence, the shear box is unsuitable for studying the stress-

strain behaviour of soils and it is better suited for finding the

stresses on a particular plane at failure.	 It is most suitable

for determining the	 strength of pre-existing surfaces in a soil

sample.

The first problem of the shear box has been largely overcome by the

development of the simple shear apparatus. The strains imposed

on a simple shear sample are relatively uniform but the simple

shear apparatus has its own problem of applying non-uniform stresses

to the sample. Except for the more sophisticated versions of the

apparatus, the stresses measured by most simple shear apparatus

are also insufficient to define the complete stress state of the

sample.	 The problems associated with the simple shear apparatus

will be discussed in more detail in Section 3.3.

The ring shear apparatus (Bromhead, 1 979) measures the residual

strength of clay by causing one block of clay to slide over another

for very large displacements. In contrast to the conditions at

critical state when shear strains are of the order of several

tens of percent and the orientation of the clay particles are

random, the ring shear sample suffers from displacements of the

order of several metres and the platey clay particles have become

aligned to the directions of shearing.

Other shear testing apparatus which are only used for research

purposes include the hollow cylinder apparatus and the directional

shear cell. The hollow cylinder apparatus (Hight et al, 1983)

subjects a hollow cylindrical soil sample to combined axial load,
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torque and	 internal and external radial pressures. 	 Under stress

control, the directions of	 o' and	 can be rotated and the

magnitude of 02 can be varied. The complete stress state of

the sample can be calculated from the measured stresses, but in

common with the other shear testing apparatus already described

the	 hollow cylinder apparatus also has the problem of applying

non-uniform stresses to the sample. The problem arises from the

frictional restraints and stiffness of the platens which affect

all apparatus with rough rigid platens; in addition, the applied

stresses vary across the hollow cylindrical sample in the radial

direction when either	 torque or different	 internal and

external pressures are applied.

The directional shear cell (Arthur et al, 1980) applies normal and

shear stresses to four faces of a cubical sample under plane

strain conditions. 	 By varying the applied stresses the directions

of o'	 and	 03	 can be rotated.	 Flexible rubber boundaries

are used to reduce stress non-uniformities.

In general, the first class of apparatus has the advantage that

the principal stresses and strains imposed on the sample are

known and hence the complete states of stress and strain can be

readily determined. On the other hand, the shear testing

apparatus offers the capability of rotation of principal axes of

stress and strain which can be useful in simulating states of

anisotropic soils near building foundations and slopes. 	 The

problem with most shear testing apparatus is that non-uniform

stresses and hence strains are imposed on the sample and in the

cases of the shear box and simple shear apparatus the complete

stress states cannot be determined.

3.2.2	 Basic designs of simple shear apparatus

There are currently two basic designs of simple shear

apparatus.	 One of them was first built at the Swedish

Geotechnical Institute by Kjellman (1951). 	 In this apparatus a

sample,	 circular in plan, was enclosed in a rubber membrane

surrounded by a series of aluminium rings as illustrated in

Figure 3.1(a).	 The purpose of the rings was to maintain the
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horizontal cross-section of the sample constant during shearing.

This apparatus was later modified by Bjerrum and Landva (1966) at

the Norwegian Geotechnical Institute (MGI). The modification

was essentially the replacement of the aluminium rings by a

wire reinforced rubber membrane as illustrated in Figure 3.1(b).

This version of the apparatus became commercially available and

the most widely used.	 Further descriptions of the MGI simple

shear apparatus are given in	 Section 5.3.

The other basic design of simple shear apparatus was initiated

by Roscoe (1953) at the Cambridge University. 	 In this

apparatus a sample,	 rectangular in plan, was completely

surrounded by rigid platens with the end platens allowed to rotate

about hinges as shown in	 Figure 3.1(c).	 The top and bottom

platens were rough but the platens in contact with the four

sides of the sample had to be made smooth for uniform 	 straining.

A small portion of the sample remained undeformed during shearing

but this was eliminated in a later version of the apparatus

constructed by Bassett (1967) by means of a different arrangement

of hinges and platens as shown in 	 Figure 3.1(d).

In the more recent versions of the Cambridge simple shear

apparatus the sample is usually surrounded by contact load cells

(Bransby, 1973) incorporated in the rigid platens. These contact

load cells are capable of measuring normal load, shear load and

eccentricity of normal load; the most successful version of' these

was designed by Stroud (1971).	 An example of the arrangement of'

load cells in one of the versions of Cambridge simple shear

apparatus, SSA.Nk.7R ,	 used by	 Budhu and Wood ( 1 979) is shown

in Figure 3.2.	 There are five load cells on each of the top and

bottom platens and another' four load cells one at each of the

vertical platens. 	 From the stresses measured by the load cells at

the end platens the stresses 	 °'	 can be calculated and

hence the Mohrts circle of' stress can be drawn. 	 The stress

02	 acting perpendicular to the plane of shearing is measured by

the load cells at each side of the sample.	 f-Jence, the complete

general stress state of the sample can be determined.

Different versions of' the Cambridge simple shear apparatus have

been used for testing dry sands by Cole (1967),	 Stroud (1971) and
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Budhu (1979).	 The only major study on clay using this apparatus

was by Bonn (1973). For testing clay samples, water drainage

and pore pressure can be controlled; the sample is enclosed in

a rubber membrane and a lubricant applied between the membrane

and the vertical platens.

Although the stress state of the sample in the elaborately

instrumented Cambridge simple shear apparatus can be

calculated, the apparatus remains a piece of research equipment

because it is too complicated to be widely used in practice.

The NGI simple shear apparatus has the attractive advantage

that it is simple to use, and less importantly, field samples

which are usually circular can be easily installed in the

apparatus. To tackle the problem of estimating the stress states

of NGI simple shear samples, the general approach has been to

study the behaviour of soils in simple shear using the Cambridge

simple shear apparatus and make recommendations for the

interpretation of results obtained from the 	 NGI simple shear

apparatus.	 Some of the methods recommended are described in

Section 3.3.2.

3.3	 Problems with simple shear apparatus

3.3.1	 Non-uniformities of stresses and strains

In the NGI simple shear apparatus the vertical boundaries of

the sample are surrounded by a smooth rubber membrane and in the

Cambridge simple shear apparatus the end platens are made smooth to

allow unrestricted deformation. 	 Therefore, during shearing when

the shear stresses	 are applied, neither of the two basic

designs of the simple shear apparatus provides the complementary

shear stresses	 which should be applied to the ends of the

sample.	 As a result,	 the shear stresses	 over the

horizontal boundaries are non-uniformly distributed and the normal

stresses	 cry'	 also become non-uniform in order to maintain

moment equilibrium.	 The expected general pattern of these non-

uniform stress distributions is illustrated in Figure 3.3.
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The non-uniformities of the stress and strain distributions have

been studied theoretically by several authors. Unless otherwise

stated all the studies to be described assumed isotropic, linear

elastic material properties.

Roscoe (1953) performed a mathematical analysis 	 to calculate

the stress distributions	 on a sample, square in plan, with

height to width ratio of 1 to 3.	 For constant volume shearing

with initial	 cry'	 0 , the results are as shown in Figure 3.4

with the stresses	 o,t ,	 and	 divided by	 V'

which represents the average shear stress across the horizontal

boundaries of the sample. 	 Figure 3.4	 shows that as a result of

the absence of the stress , non-uniform compressive and

tensile normal stresses act on the horizontal surfaces and the

ends of the sample. The moments due to the resultants of these

non-uniform stresses exactly counterbalanced the moment due to

It was concluded that the distributions of both the

stresses	 os,'	 and	 1yx'	 over the central third of the surface

of the sample, away from the influence of the ends, were uniform.

Lucks et al (1972) performed a finite element analysis on a

sample, circular in plan, with height to diameter ratio of 	 1 to

4 to simulate the •stresses acting on a sample under constant

volume shearing in the 	 NGI	 simple shear apparatus.	 The

results, with the value of initial 	 adjusted to zero, are

shown in Figure 3.5.	 Lucks et al	 suggested that if the shear

stress	 had been provided, the stresses would have been

uniform with the horizontal shear stress	 't,'	 given by the

equation

T	 '-sr-	 2(1+ V')	 'yx	 (3.1)

It was concluded that there were high normal stresses at the

edges of the sample, but these stress concentrations were

considered to be quite local. Approximately 70 % of the sample

was found to have remarkably uniform stress distributions.

Within the zone of uniform stresses the value of	 predicted

by the finite element analysis was greater than the value of

"k'	 calculated by Equation (3.1)	 by less than	 2 % of the
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latter value. Therefore, the magnitude of the shear stress

within this zone was only very slightly affected by the non-

uniform stress conditions.

Prevost and Høeg (1976)	 performed a mathematical analysis on a

sample with height to length ratio of 1 to 4. The analysis

included an investigation into the effects of slippage between

the top and bottom platens and the sample during constant volume

shearing.	 The assumed distribution of slippage is shown in

Figure 3.6(a) and the results are shown in	 Figures 3.6(b) to '(d).

Figure 3.6(b) shows that the stresses 	 cTy '	 and	 are

uniform over approximately	 70 %	 of the sample when no

slippage occurs ( 70), but slippage induces normal stresses and

reduces shear stresses.	 Figure 3.6(d) shows that the vertical

displacements are close to zero over 80 % of the sample.

Budhu and Britto (1987) used the finite element program CRISP

(Gunn and Britto, 1984) to study the distribution of effective

vertical stresses on NGI simple shear samples. A purely elastic

model and the elasto-plastic Modified Cam-clay model were used to

simulate constant	 c'	 and constant volume tests on kaolin.

The sample size was chosen as 110 mm diameter and 20 mm height to

allow direct comparisons with experimental results. At	 10 %

both models predicted that approximately 70 % of the sample was

uniformly stressed but the elastic analyses produced greater stress

concentrations at the ends of the sample than analyses based on

Modified Cam-clay.

Duncan and Dunlop (1969) performed a two-dimensional finite element

analysis using anisotropic, non-linear stress-strain properties.

The variation of the tangential Young's rnoduli 	 Euh and

with shear strain	 and the variation of	 E	 with the

direction of	 o'	 are shown in	 Figures 3.7(a) and (b)

respectively. The moduli 	 and	 in Figure 3.7(a) are

normalised with respect to 	 o'	 which are the pre-shearing

values of	 a' .	 The finite element mesh used, with a height
to length ratio of 1 to 3, is shown in	 Figure 3.7(c).	 The

results of the analyses corresponding to average shear strains

from	 5 % to 10 % are shown in Figure 3.7(d).	 The dotted

areas indicate zones where the shear stress has reached the
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undrained shear strength of the material. Progressive failure

begins near the ends of the sample at 6 % shear strain. It

was concluded that the stress conditions were sufficiently non-

uniform to cause local failures within the sample.

A simple shear apparatus was developed at 	 Cambridge

University by	 Budhu and Wood ( 1 979)	 to study the non-

uniform ities of stresses and strains in the NOl simple shear

samples experimentally.	 The basic design of this apparatus was

similar to that of the	 NGI simple shear apparatus, but contact

load cells were placed in the top and bottom platens for measuring

distributions of stresse 	 and provision was made for the

determination of internal strains by lead shot markers and

radiographic techniques. Budhu (1979) and Airey (1980) used the

first version of this apparatus, CSSA.Mk.1 , to study the non-

uniformities of stresses and strains in samples of dry sand.

It was found that for sand the stress and strain distributions

were less uniform than	 those predicted by theoretical

analyses.

A comprehensive study of the non-uniformities of stresses and

strains in kaolin samples was; performed by Airey (1984) using

the CSSA.Mk.2 , a modified version of CSSA.Mk.1 . Three

areas of the sample, the principal third, the central third and

the sample core, are defined as in 	 Figure 3.8.	 Examples of the

results obtained are given in Figures 3.9 and 3.10. Figure 3.9

shows the stress distributions on the principal third after one-

dimensional consolidation and at different stages during

constant	 and constant volume shearing of normally

consolidated samples. 	 It was concluded that the normal stress

and shear stress were uniform over 	 80 %	 and	 50 % of the

sample respectively.	 Figure 3.10	 shows that the average shear

stress	 Tv'	 determined from the applied load was	 10 %	 less

than the shear stress	 tyx'	 measured at the sample core.

Other results also showed that the average normal stress

determined from the applied load was 10 % 	 greater than the

normal stress	 measured at the sample core. On the whole,

the stress distributions for clay samples were considerably more

uniform than those for sand samples.	 From the results of

internal strain measurements, it was concluded	 that the
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distributions of normal and shear strains were uniform and the

strains determined from boundary displacements were

representative of the strains within the sample until the

formation of the first slip plane.	 During constant	 cry'	 and

constant volume tests slip planes did not develop until shear

strains	 '	 reached	 25 %	 and 15 %	 respectively.	 The

difference between the measured zero strain increment directions

and the slip planes varied from 	 3 to 10 degrees.

Considering all the work mentioned in this section, it can be

concluded that the general patterns of the non-uniform stress

distributions predicted -theoretically by	 Roscoe, Lucks et al,

Prevost and Fløeg	 and	 Budhu and Britto	 were all the same and

they also agreed with the pattern of stress distributions

obtained experimentally by Airey.	 Both theoretical and

experimental results indicated that approximately 	 70 %	 of the

sample was uniformly stressed. 	 Because of non-uniformities, the

stresses determined from the applied loads differed from the

stresses measured at the sample core by about 10 % . 	 The

theoretical analysis by Duncan and Dunlop showed that

progressive failure occurred within the sample during shearing.

This might not be important for normally consolidated samples but

it might affect the results of heavily overconsolidated samples.

In spite of the stress non-uniformities, experimental results

obtained by Airey showed that the distributions of strains

within the samples were uniform until the formation of slip

planes at later stages of the tests.

3.3.2	 Methods for estimating states of stress

In the NGI simple shear apparatus, the stresses measured are

the average stresses	 cr	 applied to the horizontal

surface of the sample.	 Even if uniform stress distributions are

assumed, this information can only fix one point	 (as,'

on the Mohr's circle of stress and it is therefore insufficient to

determine the complete stress state of the sample. Various

theoretical and empirical methods for estimating the stress state

have been proposed by various authors.	 These methods will be

briefly described and their applications to clay samples will
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be discussed.

Duncan and Dunlop (1969) suggested that the stress increments of a

simple shear sample could be approximated by pure shear stress

increments.	 The definition of pure shear stress increments has

been given in	 Section 2.4.1.	 Using such an approximation the

complete stress state of the sample can be defined and from the

geometry of	 ohr's circle of stress,

+ [0

	 '(1-K)2_o	
+	

)2]	 (3.2)

	a- 	 '(1-K0)2

a-3'	
(1+K0)a-0' - [_
	 4	

+	 yxt)2]	 (3.3)

where K0 is the pre-shearing coefficient of earth pressure at

rest and	 o'	 is the pre-shearing value of	 .	 Randolph

and Wroth (1981) also suggested that for simple shear tests on

overconsolidated samples, in the early stages of the tests before

plastic straining occurs, the stress increments can be expected to

be pure shear stress increments.

De Josselin de Jong (1972)	 studied possible failure mechanism for

a simple shear sample shearing at critical state with constant

volume.	 It was assumed that sup planes could only form along

zero extension lines so that the slip planes were either

horizontal or vertical.	 It was further assumed that the slip

planes were planes subjected to the maximum of the stress ratio

As a result, there are two possible modes of failure as

shown in Figure 3.11.	 De Josselin de Jong argued that the failure

mode represented by the bottom half of Figure 3.11	 requires

the application of the smallest shear stress and is therefore

the most likely failure mode.	 Randolph and Wroth (1981) and

Wroth (1984 and 1987)	 presented the results of an undrained test

on normally compressed kaolin as shown in 	 Figure 3.12.	 The

results were obtained by	 Bonn (1973) using the Cambridge

simple shear apparatus with the complete stress states of the

sample recorded.	 The Mohr's circle of stress in Figure 3.12 is
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drawn for the condition of maximum	 and it appears to

touch the failure envelope given by 	 23°	 at point E

which corresponds to stresses on the vertical planes. Based on

this, Wroth suggested that the supposition of De Josselin de Jong

might be valid.

Ladd and Edgers (1972)	 performed constant volume tests on clay

samples in the	 NGI	 simple shear apparatus in an attempt to

relate the maximum shear stress	 and the maximum stress

ratio	 to undrained shear strengths	 c	 and

friction angles	 0'	 masured in other forms of laboratory
tests.	 They concluded that at failure the effective stress

circle is tangent to the Mohr-Coulomb failure envelope defined by

as shown in Figure 3.13.	 At maximum	 the ratio

is less than	 tan 0'	 for the soil, thus the

horizontal plane is not a plane of maximum stress ratio and the

stress state	 y ' yx	 at maximum	 is not at point

A in Figure 3.13.	 They predicted that the failure state lies

somewhere between points	 A and C	 in Figure 3.13.	 Similar

suggestions were made by Parry and Swain (1977) 	 in a discussion

about the stress state in clay soils adjacent to piles.

Various procedures for computing the complete stress states of a

sample tested in the Cambridge simple shear apparatus have been

proposed by Bassett (1967), 	 Cole (1967)	 and	 Stroud (1971).

Figure 3.14	 shows a typical set of forces acting on the

boundaries of the principal third of the sample measured by eight

load cells in the Cambridge simple shear apparatus. The

principal third of the sample is regarded as three separate

elements rather than a single element due to stress non-

uniformities already described in Section 3.3.1. 	 The more

recent procedures proposed by Drescher et al (1978) and

Wood et al (1980) adopted the concept of an average stress tensor

to determine a representative stress state in the central part of

the sample.	 A difficulty in the application of the concept of the

average stress tensor was the requirement of equilibrium of all

boundary forces and their moments. Because of experimental

inaccuracies in the measurement of forces, and friction at the

vertical sides of the sample, the measured boundary forces did not
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usually satisfy force or moment equilibrium. Different

correction procedures to achieve equilibrium might produce

different results.

Since the complete states of strain of the samples in both

Cambridge and NGI simple shear apparatus are known, the

complete states of stress can be determined if coaxiality, defined

as the coincidence of the principal axes of stress and principal

axes of strain increment, applies. 	 For sands, results of tests

performed by	 Budhu and Wood (1979) in the Cambridge simple

shear apparatus showed that coaxiality was applicable. But for

clays, an example of the results obtained by 	 Bonn (1973) shown

in Figure 3.15	 indicates that coaxiality does not apply at any

stage during shearing.

Oda and Konishi (1974) conducted simple shear tests on

cylindrical rods and observed the relationship

k tan 8
	

(3.4)
0-I

where k is a material constant and 8 is the inclination of

the	 major principal stress	 o	 to the	 vertical.

Wood et al (1980)	 presented test results with the ratio

Tyx'/' O y'	 for the central part of the sample plotted against

tan 8	 as shown in Figure 3.16(a).	 The results were from constant

tests and constant volume tests performed in the Cambridge

simple shear apparatus on samples of Leighton Buzzard sand with

different initial voids ratios and stress states. Hence,

Figure 3.16(a) demonstrates that the relationship given by

Equation (3.4) applies to sand. 	 Airey (1984)	 plotted

against	 tan 8	 using data from	 Bonn	 as shown in

Figure 3.16(b)	 and suggested that	 Equation (3.4) might also be

applicable for normally consolidated clays. 	 No test data is

available to assess whether Equation (3.4) 	 can be applied to

overconsolidated clays. Using Equation (3.4) the complete stress

states of samples tested in the NGI simple shear apparatus can

be defined. From a consideration of the geometry of Mohr's

circle of stress,
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Ideally, the value of k for any particular material can be

determined in an instrumented simple shear apparatus and then

Equation (3.4)	 can be applied to results obtained from the less

complex apparatus.	 But in practice this is impossible and some

other means of' evaluating k 	 is needed.

It has been shown in	 Section 2.3.2	 that when a sample is

sheared with no volume change allowed, the major principal strain

increment is inclined at 45° to the vertical.

Ochial (1975) suggested that at critical state, when shearing

occurs with no volume change, the principal axes of strain

increment and stress coincide, so that the major principal

stress	 o'	 is also inclined at	 45°	 to the vertical.

Hence, from	 Equation (3.4) and from the geometry of Mohr's

circle of stress,

k	
(tt)	

0cs'	 (3.8)

Airey (1980) demonstrated that Equation (3.8) 	 underpredicts

values of k .	 The evaluation of k	 will be further discussed

later in this section.

For simple shear samples which are circular in plan, attempts

have been made to measure the radial stress r' acting on the

curved boundaries of the sample by using the reinforcement wire

of the membrane as a transducer.	 Examples of such attempts are
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Soydemir (1976), Dyvik et al (1981) and Airey (1984). Although

the radial stress can be measured, the complete stress state

during shearing still cannot be determined because the

intermediate principal stress 	 2'	 acting perpendicular to the

plane of shearing might not be the same as the normal stress

acting on the ends of the sample in which case 	 r'	 might

not be equal to either 02' or o' . For sands, results

obtained by Budhu and Wood (1979) using the Cambridge simple

shear apparatus showed that during shearing the variation of

was completely different from the variations of 	 and

For clays, Bonn (1973)	 did not measure	 2'	 and so no test

data is available for predicting the relationships among the

stresses	 r ' O•x'	 a?id	 2

Airey (1984) used both Equation (3.4) and radial stress

measurement to estimate the Mohr's circle of stress at failure

for a constant volume test on a kaolin sample. 	 The results are

reproduced in Figure 3.17. In order to calculate 	 crt	 from

measurements of	 cm' ,	 Airey assumed that during shearing the

change in radial stress	 r'	 is the average of the change in

intermediate principal stress 	 °2'	 and the change in

normal stress	 on the ends of the sample.	 Plane strain

test results were used to estimate O2' . It was concluded

that radial stress measurement can be used to give a reasonable

estimate of the complete stress state.

The application to clays of the methods described will be

discussed now. It has already been explained in Section 2.4.1

that simple shear stress increments can only be described as

pure shear stress increments when the material is isotropic and

elastic.	 This limits the applicability of the	 Duncan and Dunlop

method to overconsolidated samples and before yielding starts.

The theory put forward by	 De Josselin de Jong requires the

coincidence of slip planes and zero extension lines. 	 Houlsby

and Wroth (1980)	 demonstrated theoretically that contrary to what

had frequently been stated there was no kinematic requirement

that slip planes should occur along zero extension lines. Only

for certain constitutive relations, for example those with

associated flow rules, did the additional statical requirements
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result in slip planes coinciding with zero extension lines.

Experimental evidence for coincidence of slip planes and zero

extension lines	 in dense	 sand	 has	 been provided by

Arthur et al (1977) and by Budhu (1979). Experimental evidence

for clay by Airey (1984) indicated that slip planes were

close to but not coincident with zero extension directions.

The suggestion by	 Wroth	 that the De Josselin de Jong theory

might be valid was based on just one set of test data by

Bonn.	 More experimental evidence on different soils with

different friction angles 	 0cs'	 and angles of rotation of
principal stress axes	 8cs	 are required before any

conclusions can be drawn.	 In order to provide further

information, a set of basic test data reported by Dyvik and

Zimmie (1983), shown in Figure 3.18, will now be interpreted.

The tests were performed on three different normally consolidated

clays under constant volume condition using the NGI simple

shear apparatus with radial stress measurement. 	 Dyvik and Zimmie

assumed that the radial stress	 was equal to the normal

stress	 on the sample ends.	 The stresses have been

divided by the pre-shearing effective vertical stress	 Cv0'
which was equal to 50 kPa for all three clays. 	 The stress

paths traced out by the stresses on the horizontal planes and

the stresses on the vertical planes are plotted in 	 Figure 3.19.

The Mohr's circles of stress shown correspond to stress states

at	 18 % .	 It can be seen that for all three clays at

18 %	 the vertical planes are not planes subjected to the

maximum of the stress ratio V'Ia' . Because of the lack of

experimental evidence which supports the De Josselin de Jong

theory, this theory will not be used for the analysis of test

data in	 Chapter 7.

So far, the most suitable method for estimating the stress

states in	 NGI simple shear samples is by using the

relationship	 k tan B .	 This relationship was obeyed

by sands and normally consolidated kaolin under constant

volume and constant o'	 shearing and at different voids

ratios and stress states.	 The relationship between	 k	 and

for sands and kaolin was plotted by Airey (1984) as

shown in Figure 3.20.	 The relationship given by	 Equation (3.8)
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which underpredicts values of k is also plotted. The

scarcity of data for clays is mainly because instrumented

simple shear apparatus are complicated to use, and as mentioned

before, the sample cannot strictly be considered as a single

element due to stress non-uniformities which makes the

determination of stress states much more complicated than in

triaxial tests.	 The data reported by Dyvik and Zimmie (1983)

will again be used here to provide more information. In

Figure 3.21, values of	 '1o'	 are plotted against	 tan 8

for the three clays.	 It appears that the relationship

k tan 8	 also applied to these clays.	 The values of

0cs'	 for the three clays have been calculated from the stresses

corresponding to	 '	 i8 % and the relationship between 	 k

and	 0cs'	 plotted in	 Figure 3.20.	 The data points for the

three clays lie just below the curve drawn by Airey for sands

and kaolin.	 This could be due to inaccuracies in values of

h	 originated from the assumption	 °h '	r'	 Nevertheless,

Figure 3.20 can be used to give a reasonable estimate of 	 k for

any soil with a known value of 	 0cs' •	 The relationship

k tan 8	 together with	 Figure 3.20 will be used in

the analysis of test data in	 Chapter 7.

3.4	 Application of triaxial parameters to plane strain conditions

In Chapter 2 it has been mentioned that simple shear samples

deform under plane strain conditions and the angle	 cs'
measured is dependent on	

0cs'	 as shown in	 Equations (2.35),

(2.38) and (2.102). For the purpose of applying values of 
0cs'

obtained from triaxial tests to the analyses of simple shear

test data, it is necessary to be able to assess the difference in

the value of Ø'	 under axial symmetry and plane strain

condition for any particular soil.

Leussink and Wittke (1963) 	 compared the shear strengths of glass

and steel balls under axial symmetry and plane strain

conditions for different packing arrangements. Theoretical

predictions were made by considering the forces acting at the

points of contact of the balls and experiments were carried out
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using the triaxial apparatus and plane strain apparatus. It

was concluded that both theoretical predictions and experimental

results indicated that plane strain condition led to higher shear

strength than axial symmetry condition.

In conventional triaxial tests and plane strain tests where no

rotation of principal axes is allowed, compression tests are

usually carried out by increasing the total major principal

stress	 o	 while maintaining the total minor principal stress

a3	constant.	 In triaxial tests the intermediate principal

stress	 cr2'	 is the same as	 03	 but in plane strain

tests because strair!ing along the intermediate principal

direction is restricted 	 a2 '	 will become greater than	 a3

To describe the relative magnitude of 	 2'	 the parameter

b	 2'3/°l'°3'	 is	 usually	 used.	 For	 triaxial

compression tests	 b	 is zero and for plane strain tests 	 b

varies between	 0	 and	 1.

There have been many studies of' the influence of	 a2 '	 on the

strengths of' sands using the true triaxial apparatus.

Ladd et al (1977)	 summarised results of some of the studies

including, for example, Reades and Green (1974)	 and	 Lade and

Duncan (1973)	 to show that the shear strength of sand increased

as the value of	 b	 increased from zero to the value

corresponding to plane strain conditions. 	 The friction angle at

peak shear stress	 Ø'	 was used as the shear strength

parameter in these studies.	 Cornforth (1964)	 performed triaxial

tests and plane strain tests on	 K 0	compressed samples of

Brasted sand with various initial porosities.	 The results were

plotted as shown in Figure 3.22(a)	 and it was suggested that

plane strain samples had greater strengths. 	 However, Cornforth

also presented results as shown in 	 Figures 3.22(b) and (c)

which demonstrate that the ultimate strengths were independent

of initial porosity.	 Although the average value of	 b	 at

ultimate states was	 0.20	 for plane strain tests compared to

zero for triaxial tests, the average ultimate friction angle

of' 32° in plane strain tests and 33° in triaxial tests

were sufficiently close to suggest that the ultimate friction

angle in both types of tests were the same.
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Test data for clays are not as abundant as for sands, but

there is slightly more information on values of the critical

state friction angle 0cs' • Hambly and Roscoe (1969)

performed tests on normally consolidated kaolin using a

biaxial plane strain apparatus and concluded that at failure a

unique Mohr-Coulomb failure criterion applied to both triaxial

and plane strain conditions.	 Atkinson (1973)	 performed

triaxial and plane strain tests on the heavily-overconsolidated

undisturbed London clay and found that Ø'	 was	 22°	 for
both types of tests.	 Ladd et al (1977)	 summarised most of the

results on clays to show that the ratio of undrained strength

Cu	 for triaxial test	 to	 Cu for plane strain tests was

0.92 -4- 0.05	 in compression and	 0.82 ± 0.02	 in extension.

Duncan and Seed (1966)	 performed undrained plane strain tests

on samples of undisturbed	 San Francisco Bay mud which were

normally consolidated under K 0 condition. Two series of

tests were performed with the major principal stress oriented

vertically in one and horizontally in the other and the values

of	 0cs'	 obtained varied between	 35° and	 38° .	 The value

of	 obtained from undrained triaxial	 tests on

isotropically consolidated samples of the same material was

35° .	 Vaid and Campanella (1974) performed 	 plane strain and

triaxial tests on samples of undisturbed Haney clay which

were normally consolidated under	 K0	 conditions.	 They

reported that for undrained	 compression tests the values of

c/O 0 '	 was 0.30 in plane strain tests and 	 0.27	 in

triaxial tests and the values of 	 Ø'	 was	 32°	 in plane
strain tests and	 30° in triaxial tests.	 It was concluded

that	 plane strain condition gave rise to stiffer stress-

strain response, higher undrained strength and angle of

shearing resistance, and that when the test data were plotted

in terms of octahedral stress and strain parameters the

stress-strain behaviours in the two types of tests were the

same.

Henkel and Wade (1966)	 performed undrained plane strain tests

on samples of remoulded Weald clay which were normally

consolidated under	 K0	condition.	 The results were compared

with a parallel series of triaxial tests on the same soil by
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Sowa (1963).	 The results, reproduced in 	 Figure 3.23, show that

c/o- 0	was	 0.28	 for plane strain tests and	 0.26	 for

triaxial tests and the value of	 0cs'	 was	 27°	 for plane

strain tests and	 26°	 for triaxial tests.	 The value of	 b

at critical state was	 0.35. It was also found that on

°oct ' ' oct'	 plane triaxial and plane strain stress paths

had the same shape but terminated at different states. 	 This

led to the	 conclusion that the effective stress paths were

uniquely defined by octahedral stresses which took account of

values of a2 '	 but the critical states were governed by the

Mohr-Coulornb criterion which ignored the effects of cr2'

As a conclusion, most reports in literature tended to suggest

that plane strain shear strengths were higher than triaxial

shear strengths.	 This was so if for sands the peak strength

parameter Ø'	 was used and for clays the undrained strength
parameter	 c	 was used.	 In terms of the critical state

parameter	 ø' ,	 results on sand by	 Cornforth	 and results
on normally consolidated clays all demonstrated that at

critical state Mohr-Coulomb failure criterion governed and the

value of	 0cs'	 for any particular soil was the same under
axial symmetry and plane strain conditions. 	 Therefore, values

obtained from triaxial tests will be applied

directly to the analyses of simple shear test data in

Chapter 7.

3.5	 Previous test results

3.5.1	 results on Cowderi till

Most previous test results on Cow den till have arisen from

the study of the engineering properties of glacial tills

currently undertaken by the BRE. The location and geology of

the BRE Cowden till test bed site are given in Chapter 4.

There have been	 many reports on results of in-situ testing,

for example,	 Powell et al (1983),	 Marsland and Powell (1985)	 and

Powell and Uglow (1985 and 1986).	 Reports on laboratory test

results are less abundant and fall into two categories. 	 In the
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first category are results from tests of research quality

largely on remoulded and	 reconstituted samples, for example,

Gens and flight (1979) and Ng (1988). In the second category

are results from tests on undisturbed samples carried out by

BRE, mainly undrained triaxial tests on samples with 100 mm

diameter, for example,	 Lewin and Powell (1985).

Gens and Hight ( 1 979)	 investigated whether the behaviour of

undisturbed samples of the till can be determined from remoulded

samples.	 The till tested was from the 	 BRE test bed site and

a typical	 grading curve and the	 Atterberg limits	 obtained

are shown in	 Figure 3.24(a).	 Undrained triaxial compression

tests were carried out on undisturbed samples and on

remoulded samples with a maximum particle size of 2 mm. To

check whether the elimination of gravel sized particles

affected the mechanical properties of the soil, tests were

performed on samples with different gravel contents. 	 The

gravel content	 of the undisturbed samples ranged between 	 5 %
and	 12 %	 and it was found that no significant differences in

mechanical properties were produced by varying the gravel

content between 0 % and 12 % .	 No pre-shearing compression

or swelling was applied to the undisturbed samples and both

isotropically and	 K0	 compressed and swelled remoulded

samples were tested.	 All samples gave a critical state friction

angle	 Ø'	 of	 26° ± 1° .	 It was suggested that because of

experimental difficulties in accurately measuring stiffness

parameters, the effective stress paths served as a better

criterion for comparing behaviours of undisturbed and remoulded

samples.	 The effective stress paths obtained from the

undisturbed samples are reproduced in 	 Figure 3.24(b).	 All six

undisturbed samples were taken from a single borehole between

4 m and 6 m	 depth and their water contents were between

14 % and 18 % . It was suggested that the stress paths of

the undisturbed samples were simulated better by the

remoulded samples which were compressed and swelled under K0

condition than by the isotropic ones.

Ng (1988) studied the behaviour of Cowden till within the

framework of critical state soil mechanics. Stress path tests

were performed using the stress path testing equipment for
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samples with	 38 mm	 diameter described in Section 5.4. 	 The

samples were remoulded and reconstituted with particles greater

than	 2 mm	 eliminated.	 At the time of writing	 Mg's	 data

have not been fully interpreted arid written up and only

limited results are 	 vailable for comparison with the author's

simple shear test results. The value of 	 for the normally

compressed samples was measured to be	 0.59	 and the critical

state parameters obtained are summarised in Table 3.1.	 For the

reconstituted samples which were compressed arid swelled under

K	 condition, the effective stress paths for drained and

undrained tests on samples with overconsolidation ratios

R	 1 , 2 , 4 and 6	 were normalised with respect to

and it was found that a unique state boundary surface existed

for the soil.	 For the undrained tests, the normalised tangent

shear stiffness dq'/(vp'de 5 )	 at	 0.06 %	 ranged from	 40

to 195.

Atkinson et al (1985a)	 compared undrained triaxial compression

test results on isotropically compressed remoulded and

reconstituted samples obtained by 	 Ng (1988)	 with results on

undisturbed samples obtained by	 Lewin and Powell (1985).	 The

effective stress paths, reproduced in 	 Figure 3.25,	 show that

the behaviours of the remoulded and reconstituted samples were

very similar and by comparing	 Figures 3.25(a) and (b) with

Figure 3.25(c) it was suggested that the undrained stress paths

for	 undisturbed	 samples	 resemble the paths for the

overconsolidated remoulded and reconstituted samples. 	 Figure 3.26

shows that the states corresponding to the ends of the tests

on the undisturbed samples fall close to the extension of the

critical state line for the remoulded and reconstituted samples

defined by	 M	 1.1	 and	 Ø'	 28°

3.5.2	 Results on London clay

The mechanical properties of London clay have been the subject

of extensive study for many years because of the large number

of structures founded on the clay. A full description of the

existing knowledge about London clay is outside the scope of
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this work.	 Instead,	 some of the general features of the

behaviour of London clay in terms of one-dimensional compression

and consolidation properties, shear strength and stiffness will

be highlighted and then any laboratory test results on the

London clay at Brent will be described.

Reports on in-situ testing of London clay have been given by,

for example, Marsland (1971a and b),	 Windle and Wroth (1977),

Marsland and Randolph (1977)	 and	 Powell and Uglow (1986).

St. John (1975)	 reported that	 stiffnesses of	 London clay

measured in the	 laboratory were much lower than those

measured from full-scale structures. Simpson et al (1979)

suggested that this was due to the lack of understanding of

threshold effects in soils and they described a non-linear

stress-strain model for London clay	 which took account of

threshold effects for use in finite element analyses. 	 Since

then the influence of threshold effects on the stiffness of

London clay has been	 studied by Richardson (1988).

As undisturbed samples of London clay can be quite easily

obtained, there are plenty of laboratory test data on the

behaviour of undisturbed samples but much less data on the

behaviour of remoulded and reconstituted samples.	 A summary of

the classification test results from various sites is given in

Table 3.2.	 The value of	 for normally compressed London

clay was measured by 	 Brooker and Ireland (1965).	 A remoulded

sample was compressed in an instrumented oedometer and the

value measured was 0.62. 	 Som (1968)	 performed standard

oedometer tests on London clay from Ongar. Undisturbed

samples and a sample reconstituted from a slurry with initial

water content of 90 % were tested with the results as shown in

Figure 3.27.	 The values of	 7	 and	 N	 for the normal

compression line of the slurry sample were	 0.155	 and	 2.791

respectively and the value of k	 for an approximate linear

swelling line for the undisturbed samples was 	 0.040.

Atkinson et al (1984) 	 and	 Richardson (1984b) performed stress

path tests on remoulded samples of London clay from Bell

Common.	 Results from K	 compression indicated that

0.66,	 A	 0.13,	 k	 0.04	 and	 N0	 2.54.
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Values of the coefficient of consolidation	 c,	 for undisturbed

samples of London clay have been given by many authors. For

example,	 Skempton and Henkel (1957)	 presented results of

oedometer tests on 25	 different undisturbed samples of London

clay taken from various depths at	 Paddington, Victoria and

South Bank which showed that values of 	 c	 were very

consistent	 and	 were	 between	 7 x 1O	 m2/s	 and

so x 10	 m 2 /s	 and values of the coefficient of permeability

k were between	 2 x iO_ 12 rn/s	 and	 30 x io_12 rn/s.	 Average

values of	 c	 reported by	 Sandroni (1977) for undisturbed

samples of London clay from Broadoak and University of Kent

were	 20 x b -9 rn 2 /s '	 and	 9 x 1O 9 m 2 /s	 respectively both

of which lay	 within the range of values given by Skempton

and Henkel.

Som (1968)	 carried out two strain controlled oedometer tests to

evaluate the maximum previous effective vertical stress	 Ovp'
which acted on undisturbed samples of London clay from Ongar

due to overburden in the ground.	 Effective vertical stresses

vt up to	 48 MPa	 were applied to samples with a diameter of

76 mm and an initial thickness of 	 19 mm.	 A constant rate of

straining slow enough to cause negligible excess pore pressures

measured at the sample base was selected. 	 The method used

for estimating	 ,	 as illustrated in	 Figure 3.28, was

proposed by Schrnertmann (1953)	 based on the assumption that

the swelling line due to erosion in the ground had a similar

shape to the swelling line obtained from 	 oedometer tests.	 The

value of	 vp'	 was estimated to be	 1.8 MPa	 which	 suggested

that the depth of ground eroded was 	 165 m.

When undisturbed samples of the heavily overconsolidated London

clay are sheared, sli p planes will form before the samples

reach critical state. In most reports in literature the shear

strength of heavily overconsolidated soils is associated with the

peak shear stress state and the undrained strength 	 c	 is

defined as the maximum value of 	 (a1'-a3')/2 .	 It has been

discussed in Section 3.4	 that	 c	 is dependent on the strain

condition imposed during shearing and is therefore not a soil

constant.	 Since London clay was formed by deposition followed
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by one-dimensional compression the soil can be expected to have

anisotropic stress-strain properties and it is likely that the

peak undrained strength 	 Cu	 will depend on the orientation of

the principal stress axes.	 Webb (1966)	 and	 Agarwal (1967)

both performed undrained triaxial compression tests on undisturbed

samples of London clay with . 38 mm	 diameter to measure 	 c

with the samples at three different orientations: vertical axis

of sample coinciding with the vertical in the ground (V), with

the horizontal in the ground (H)	 and with the direction at 	 45°

to the horizontal in the ground (D).	 They both found that

cu(H) > c(V) > c(D).

Due to the presence br fissures in	 London clay, study of the
behaviour of the clay requires testing samples which are large

enough to represent the soil mass.	 garwal (1967)	 performed

undrained triaxial tests on undisturbed samples of London clay

from Wraysbury with diameters of 	 13 mm, 38 mm, 102 mm, 152 mm

and 305 mm.	 It was concluded that the undrained strength

decreased with increasing	 sample size and approached a

constant value when the sample diameter was increased to 102 mm.

Sandroni (1977) performed undrained triaxial	 compression tests

on undisturbed samples of	 London clay from Broadoak with

diameters of	 38 mm,	 71 mm, 152 mm, and	 254 mm.	 For the

samples with diameters of 152 mm and 254 mm	 pore pressures

were measured by inserting probes in the side of the samples.

States of stress at failure, defined as the 	 peak deviator

stress, are as shown in	 Figure 3.29.	 It can be seen from

Figure 3.29	 that the peak deviator stress was not influenced

by the difference in sample size. Sandroni suggested that this

was due to the unusually close spacing of the fissures in the

London clay from this particular site.

Apted (1977)	 performed undrained triaxial test

samples of London clay from South Ocken

effects of weathering on the properties of th

shearing compression or swelling was applied

for samples with	 100 mm	 diameter are

Figure 3.30.	 Figure 3.30(a)	 shows typical

paths and	 Figure 3.30(b)	 shows the	 stress

deviator stress.	 Standard shear box tests

s on undisturbed

on to study the

clay.	 No pre-

and the results

reproduced in

effective stress

states at peak

ere conducted by
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Agarwal (1967)	 on undisturbed samples of London clay from

Wraysbury.	 The rate of shearing was	 1.4 x 10	 mm/mm	 and

the stress states	 corresponding to	 peak shear stress are as

shown in Figure 3.31	 with no area correction applied in

calculating the stresses.

There are only very few studies on the behaviour of London

clay within the framework of critical state soil mechanics.

Results of the tests performed by	 Atkinson et al (1984)

mentioned earlier indicated	 that	 at	 critical	 state

0cs'	 22° (M	 0.86) for compression and 	 0cs'	 24° (M	 0.70)
for extension. Atkinson and Richardson (1987) in an

investigation into the effects of local drainage on the

undrained strength of overconsolidated clay performed triaxial

compression tests on	 reconstituted samples of London clay from

Bell Common with	 38 mm	 diameter.	 The samples were

isotropically compressed before shearing and the 	 critical

state parameters obtained were	 M	 0.90	 cs'	 23°)	 and

r 2.58.

Although there are plenty of previous laboratory test results

on the stiffness of London clay, for example 	 Atkinson: (1973),

Sandroni (1977) and 	 Costa Filho (1980), most of the results

were presented in terms of	 secant moduli.	 The differences

between secant modulus	 and	 tangent modulus and the

advantages of using tangent modulus have been explained by

Atkinson et al (1986).	 Since the results from this study will

be plotted in terms of tangent modulus	 in Chapter 7, mainly

examples of stress-strain curves will be given here. 	 Stress-

strain curves obtained by	 Sandroni (1977)	 for samples with

254 mm diameter are reproduced in Figure 3.32 	 with the

failure modes also shown. Costa Filho (1980) studied the

effects of bedding errors on the determination of stiffness at

small strains by measuring axial strains with displacement

transducers mounted directly onto undisturbed triaxial	 samples

of London clay from	 South Ockendon with	 38 mm diameter.

Different pre-shearing stress paths were applied and the results

with deviator stress plotted against axial 	 strain measured

from the middle third of the samples are as shown in
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Figure 3.33.	 These stress-strain curves were not plotted up to

failure due to erratic readings from the transducers once slip

planes were formed. 	 Costa Filho	 suggested that a main feature

of	 Figure 3.33 is the non-linearity of the curves, which was

also observed in many other reports in literature. Skempton and

Henkel (1957) performed undrained triaxial tests on undisturbed

samples of London clay from South Bank and calculated the

undrained Young's modulus	 Eu	 from the initial linear part

of the stress-strain curves.	 It was found that the values of'

for extension tests were	 2 to 4	 times greater than

those for compression tests.	 Jardine et al (1984) 	 studied soil

stiffness at small strains using electrolytic level gauges

mounted on triaxial samples.	 The gauges were capable of

resolving to less than 1 pm corresponding to an axial strain

of approximately 0.001 % for a 76 mm long sample. Two

undisturbed London clay samples from Canon's Park with 98 mm

diameter were tested in undrained compression with no pre-

shearing compression or swelling.	 At	 0.1 % , the two

samples had values for the normalised secant modulus 	 Eu/po'

of	 198	 and	 228.

No Laboratory tests of , research quality on the London clay at

Brent are reported in the literature. 	 Only results from

tests on undisturbed samples carried out by 	 BRE	 are

available.	 Marsland (1971b)	 reported results of undrained

triaxial	 compression tests on both samples with 38 mm

diameter and samples with 98 mm 	 diameter.	 No pre-shearing

compression or swelling was applied and the stiffness of the

triaxial samples were compared with 	 stiffnesses determined

from	 plate loading tests for various depths.

3.6	 Summary

This chapter has reviewed aspects of simple shear tests on

clay samples and it has reviewed knowledge about the two soils

tested in this research. Attention has been drawn to the

problems of simple shear tests and the important points as
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regards simple shear testing are summarised as follows

(1)	 Both theoretical and experimental studies showed that

approximately two thirds of the sample was under

uniform stresses.	 Because of non-uniformities, the

average shear stress ¶'	 was about	 10 %	 less than

the shear stress	 at sample core and the

average normal stress 	 o/	 was about	 10 %	 greater

than the normal stress	 at sample core.

(2)	 Among the various proposed methods for estimating the

stress states of clay samples, the method using the

relation	 'ryx''Oy'	 k tan 0	 was supported by

experimental results and it will be used in the

analyses	 of test	 data in	 Chapter 7.

(3)	 At critical state the shear strength of soils is

governed by the Mohr-Coulomb failure criterion which

does not take into account the effects of	 02

Hence., the value of	 0cs'	 obtained from triaxial

tests can be applied directly to the analyses of data

from simple shear tests which impose 	 plane strain

conditions on the samples.

The principal characteristics of Cowden till and London clay

have been summarised.	 Two categories of test results on the

Cowden till have been described. 	 Results from tests of

research quality presented included a summary of the critical

state parameters for Cowden till. Existing knowledge about

London clay has been described generally in terms of one-

dimensional compression and consolidation properties, strength

and stress-strain behaviour.	 There are very little data

available on the London clay at Brent.
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CHAPTER 4	 ENGINEERING GEOLOGY

4.1	 Introduction

This chapter gives the engineering geology background that is

needed for a better understanding of the mechanical behaviours

of the soils studied. 	 All Cowden till and London clay samples

used in this study were obtained from 	 BRE test bed sites

which were established for in-situ testing. Cowden till was

chosen for investigation by BRE because more knowledge was

required for the design of foundations of offshore structures in

the North Sea and Cowden till was a typical lowland glacial

till which occurred both in central and eastern England and

the southern North Sea. The section on regional geology will

describe the geological history and depositional environment of

each soil and the section on drift geology will describe the

soil profile and index properties of the soil 	 at each site.

4.2	 Locations of soils

4.2.1	 Cowden till

The BRE	 Cowden till test bed site is located at Cowden about

23 km north east of Hull and 	 2 km north of Aldbrough.

Figure 4.1	 shows that the site is at Ordnance Survey map

reference	 5245 4403 (sheet 107).

4.2.2	 London clay

The BRE London clay test bed site is located at Brent about

10 km north west of central London.	 Figure 4.2 shows that the

site is at	 OS	 map reference	 5232 1874 (sheet 176).
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4.3	 Regional geology

4.3.1	 Cowden till deposit

The test bed site at Cowden was selected by BRE because of the

known presence of a deep sequence of predominantly clayey glacial

deposits.	 A description of the geology of the area has been

given by Marsland and Powell (1985).	 Up to	 25 m	 of the deposits

are exposed in cliffs which extended for about 40 km along

the coast about 800 m	 to the east of the site.	 The glacial

deposits are underlain by Cretaceous Chalk the surface contours

of which are shown in Figure 4.3. During the Ice Age

(Quaternary) which was characterised by a sequence of

alternating cold and temperate stages, the area was glaciated

in the last three cold stages: 	 Anglian	 (200,000 years ago),

Wolstonian (125,000 years ago) and Devensian (75,000 years ago).

Each cold stage comprised more than one ice advance but much

of the material deposited during earlier advances was eroded

and redeposited from the ice during the Devensian stage.	 The

possible maximum extent of the ice along the east coast was

suggested by	 West (1968)	 as shown in Figure 4.4. 	 Straw and

Clayton (1979) suggested that at least three significant

ice advances occurred during the Devensian as shown in Figure 4.5.

The build up of ice particularly in North America during the

Devensian lowered the sea levels by 130 m or more below

present levels. As a result the Cowden area lay well within

a	 permafrost desert and the tills formed were inorganic.

Various field documentation of the till sequences along the coast have

been made over the last 50 years. The earlier work has been re-

examined and the latest formulation of the stratigraphy was given

by Catt and Nadgett (1981). Data from stratigraphical and

sedimentological studies indicated that a large proportion of the

tills at Cowden are late Devensian. It is still uncertain whether

they were deposited during successive advances of the ice or by

melting of a single ice sheet. Recent studies by

Derbyshire et al (1985) which considered the nature of the soils

eroded during the advance of the ice indicated relatively small

variations of the ice fr ,onts. Data obtained from offshore borings
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suggested that the Late Devensian tills stretch as a continuous

stratum for at least 200 km east of the coast. It is likely that

the deposits were derived from a large, active, oscillating ice

lobe which extended well south of' the general extent of the ice in

the North Sea as shown in Figure 4.4. 	 Sedimentological studies

by	 Derbyshire et al indicated that most of the till were

deposited from the base of the glacier so that the till was

compacted under pressure. As a result no size sorting

occurred and crushing of particles was intense. The fabric

of the material and the crushed chalk particles also indicated

post-depositional remoulding and shearing of the till at the

base of the glacier.

4.3.2	 London clay deposit

The geology of London clay has been the subject of extensive

study for many years.	 An account of the geology of the area

consisting of Greater London was given by	 Som (1968).	 The

solid geology of the sedimentary formation in the London basin

presented by Som is reproduced in 	 Figure 4.6.	 A cross-section

through the London basin given by	 Sherlock (1962)	 is shown in

Figure 4.7.	 The Palaeozoic rocks are the deepest known

formation in the area and under London itself the rocks are located

at about 300 m below sea-level.	 Overlying the	 Palaeozoic

rocks are the	 Jurassic rocks followed by the Cretaceous

deposits.	 The Jurassic rocks are absent all over the London area

so that the	 Cretaceous deposits lie directly over the

Palaeozoic rocks. The Gault clay was the first of the

Cretaceous formations to be deposited on the 	 Palaeozoic rocks

across the London area.	 Overlying the Gault clay is the

Chalk which is about 200 m thick outcropping in the north-west

and in the south.	 Overlying the Chalk is the Eocene beds the

early deposits of' which are the Thanet Sands and the Woolwich

and Reading beds, collectively known as the Lower London

Tertiaries.

The London clay which overlies the Lower London Tertiaries was

deposited under marine and estuarine conditions. The deposition

of London clay as a result of a series of marine invasions due
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to changes of the land surface relative to sea-level was

described by	 Burnett and Fookes (1974). 	 The lowest part of the

London clay, known as the	 Basement bed, is sandy but above

it, the clay is very	 uniform and is originally about 	 120 m

thick.	 The London clay was originally overlain by the

Claygate beds	 and the Bagshot, Bracklesham and Barton Beds,

all predominantly sandy with occasional clay layers.	 The total

thickness of the original deposit was possibly	 200	 to

250 m. In the London area, subsequent uplift and erosion have

removed the overlying deposits together with considerable thickness of

the London clay so that the remaining clay is heavily

overconsolidated. Incentral London only between	 20	 to

50 m	 of the London clay is left, for example, 	 Skempton and

Henkel (1957) reported that the thickness of 	 London clay on

the South Bank was	 42 m.	 The geology of the area around

the test bed site at Brent is shown in 	 Figure 4.8.	 The cross-

section along	 AB	 in	 Figure 4.8 is shown in	 Figure 4.9.	 In

many areas gravels and alluvium were later deposited, but as

Figure 4.8	 shows, the London clay at Brent extends to the

ground surface.

In several places the full thickness of the London clay has

been preserved as indicated by the overlying Claygate Beds,

for example,	 Wimbledon (130 m),	 Hampstead (120 m),

Ingatestone (160 m)	 and	 Sheppey (160 m).	 Skempton (1961)

estimated that erosion has reduced the thickness of London clay

at Bradwell from	 200 m	 to	 50 m.

4.4	 Drift geology

4.4.1	 Cowden till test bed site

Inspection of the coastal cliff exposures indicated that the

glacial drift in this area is composed mainly of a clay matrix

dominated till typically found in eastern England. The clays

are interspersed with layers and lenses of sand and gravel of

varying extent.	 Results of tests carried out by BRE 	 both on

the test bed area and other areas towards the coast indicated that
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the tills are of uniform composition and the index and strength

properties are consistent. The largest variability occurs in the

surface weathered layers.

General descriptions and index properties down a typical profile

in the test site area given by	 Marsiand and Powell (1985) are

shown in Figure 4.10.	 There is a distinct change of colour from

brown to very dark greyish brown at a depth of 	 4 to 5 m. This

level varies considerably throughout the region and is considered to

be a boundary above which surface weathering occurred. 	 For, depths

between	 3 and	 17 m, the unit weights are almost constant with

values between 21.6 and 22.0 kN/m 3 . Down to a depth of 17 m

the moisture contents gradually decrease with depth and are close to

or just below the plastic limit. The plastic and liquid limits

also show a gradual decrease with depth. 	 The percentages by weight

of clay sized particles down to 17 m 	 depth are mostly within the

range of	 30 to 40 % of the material passing a	 2 mm	 sieve.

The results of eight particle size distribution tests performed by

BIE	 fall within the envelope shown in 	 Figure 4.11.	 Allowing for

an average gravel content of about	 10 %	 the typical overall clay

content of the till is	 30 %.	 The clay and silt accounts for

about 60 % of the total dry weight and 	 66 %	 of the in-situ

volume of the till. 	 Therefore, the sand and gravel particles are

generally separated by silty clay.	 Marsland and Powell also

reported that when five samples of particles greater than	 2 mm

were counted, 43 to 76 %	 of the particles were chalk arid the

remainder were sandstone, siltstone, mudstone, limestone, flint,

and quartzite. The cobbles or boulders are mainly resistant

igneous materials and are considered to be sufficiently widely

spread to be of little geotechnical significance.

The mineral contents of the till were identified by 	 BRE.

Minerals that were within the	 0.25	 to 0.63 mm	 range originated

from northern England to Scotland and Scandinavia. 	 Clay minerals

constituted the major particle types in the material less than

2 ..um	 with the non-clay minerals calcite, dolomite, and quartz

comprising only a small proportion. Standard x-ray defraction

techniques identified the clay minerals 	 kaolinite,	 mica,

chlorite	 and vermiculite.	 Values of the coefficient of

consolidation	 c	 and the coefficient of permeability 	 k

107



were measured from undisturbed oedometer samples by BRE

(Gallagher, 1983)	 and it was found that values of	 ranged

between	 32 x io -	 and	 476 x 10	 m 2 /s and values of	 k

ranged between	 9 x iO 12	and	 381 x iO_ 12 rn/s.

4.4.2	 London clay test bed site

General descriptions and index properties down a typical profile

in the test site given by	 Powell and Uglow (1986) are shown in

Figure 4.12.	 Down to a depth of	 9 m	 the clay was oxidised to a

brown colour and consisted of hard lumps set in a clay matrix.	 The

sizes of the lumps increased gradually from a few millimeters near

the surface to 6 to 50 mm at 9 rn depth. Below 9 m the

clay was stiff, greyish-blue and fissured with the spacing of the

fissures increasing from between 6 and 50 mm at 9 m depth to

between	 75	 and	 325 mm at 25 m depth. The fissures were

inclined at all angles but with a tendency towards near vertical

and near horizontal.	 Powell and Uglow	 also reported that

inspection of the clay in large diameter boreholes showed that below a

depth of	 1 7 m	 there were traces of silt and fine sand on some of

the horizontal bedding planes.	 The index properties of the soil as

shown in Figure 4.12 are relatively uniform. 	 The unit weights

are almost constant with values between 	 18.6	 and	 19.6 kN/m3.

Down to a depth of	 18 m	 the moisture contents gradually decrease

with depth and are close to or just above the plastic limit. 	 The

liquid limits also show a slight gradual decrease with depth. 	 The

percentages by weight of clay sized particles down to 	 22 m

are within the range of 55 to 65 % . Results of oedometer tests

performed by BRE indicated that the coefficient of permeability of

the clay was of the order of 30 x io2 rn/s.

The mineralogy of London clay was studied by Burnett (1974). The

mineral compositions for different particle sizes for a sandy London

clay sample presented by	 Burnett and Fookes (1974) is shown in

Figure 4.13.	 It illustrates that the coarser material is dominated

by quartz and the finer material is mainly clay minerals. In

general, the mineral contents of London clay is not unusual

for a marine sediment and they were found to be essentially uniform

everywhere.
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CHAPTER 5	 EQUIPMENT AND TESTING PROCEDURES

5.1	 Introduction

This chapter is divided into two parts. The first part,

Sections 5.2 to 5.6, describes the laboratory testing equipment

which have been used. The stress path testing equipment, the NGI

simple shear apparatus and the standard shear box were all situated

in the Geotechnical Engineering Research Centre at The City

University.	 The shear box with automatic data logging was located

in BRE.	 Methods ofcaljbration and assessments of accuracies

of measurements will be given. The second part, Sections 5.7 to

5.13, describes the procedures of preparing the different types of

samples and the procedures of one-dimensionally compressing and

loading these samples in the various types of apparatus used.

The objectives of the simple shear tests were to establish the

critical state line and to examine whether a unique state

boundary surface exists. These objectives were met by conducting

tests on samples with different overconsolidation ratios and pre-

shearing states under different drainage conditions.	 The

remoulded and reconstituted samples allowed the testing of

samples with any required 	 OCR	 and, in particular, the testing

of normally compressed samples enabled the 	 Roscoe surface to be

studied.	 The purpose of the stress path tests on samples with

38 mm	 diameter was to measure the basic critical state

parameters for London clay which were useful to the analyses of

simple shear test results.	 Reconstituted samples were used

because, usually, normally compressed samples are more likely to

reach critical states than overconsolidated samples. The

normally compressed samples were compressed to different pre-

shearing states so that when sheared they reached different

critical states to define the critical state line. 	 The stress

path tests on samples with 	 100 mm	 diameter were performed

mainly for the purpose of studying the behaviour of undisturbed

London clay.	 Samples with 100 mm	 diameter instead of 	 38 mm

diameter were tested because the larger samples were more

representative of the fissured soil mass.	 The stress probing
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tests included constant	 p'	 and	 constant	 q'	 probes for

obtaining the elastic parameters in the constitutive relationships

represented by	 Equations (2.61a) and (2.61b).

5.2	 Equipment for sample preparation and setting up

5.2.1	 Simple shear samples

Figure 5.1	 shows the accessories used including : (1) Geonor

sample trimming apparaus;	 (2) membrane stretcher;	 (3) sharp-

edged steel former (80 mm diameter and 33 mm height); (4) Perspex

disc (79.5 mm diameter and 15 mm thick);	 (5) porous stone

(79 mm diameter);	 (6) bottom filter holder with porous stone in

place and	 (7) top filter holder with porous stone removed.

The sample trimming apparatus and the membrane stretcher have

already been described by	 Geonor (1968).	 The trimming apparatus

was designed for use with soft clay samples and, as	 Figure 5.1

shows, only part of the apparatus was used here. 	 Other equipment

used were

(a) a Wykeham Farrance manually operated hydraulic extruder

(model 52286) for extruding	 100 mm	 diameter samples;

(b) a Hobart mechanical mixer (model AE125) with a three speed

gearbox and a device for adjusting the position of the mixing

bowl in relation to the whip;

Cc) a Wykeham Farrance loading bench with a weight hanger.

5.2.2	 Triaxial samples with 38 mm diameter

The following equipment were used

(a) A Perspex oedometer which comprised	 a tube (38 mm inner

diameter); a bottom piston;	 a top piston	 and	 a	 bath.

(b) a Wykeham Farrance	 Bishop ram which consisted of a
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piston, connected to a threaded piston rod, fitted inside a

cylinder with	 200 c.c.	 capacity.	 The piston was driven up

and down in the cylinder by turning a handwheel.	 At the end of

the cylinder were two valves,	 one connected to a water

container and the other to a tubing;

(c) a Wykeham Farrance loading bench with a weight hanger.

5.2.3	 Triaxial samples with 100 mm diameter

(a) a manually operated hydraulic extruder as described in

Section 5.2.1;	 ''

(b) a Bishop ram as described in Section 5.2.2.

5.2. L 	Shear box samples

A sample cutter (60 mm square in plan and 25 mm deep) and an

extruder for pushing sample out of' cutter.

5.3	 NGI simple shear apparatus

5.3.1	 General description

The NGI simple shear apparatus, model h-12, manufactured by

Geonor was used in this study. 	 A full description of the apparatus

has been given by Geonor (1968).	 The principal components of the

apparatus are	 (a) sample assembly;	 (b) vertical loading system;

and	 (c)	 horizontal loading system.	 A diagram of the

apparatus is shown in Figure 5.2	 and each component will be

briefly described.

(a) The sample assembly

The sample assembly consisted of' a pedestal (1), the upper and lower

filter holders (2)	 and a plastic container.	 A cylindrical soil
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sample (3) 80 mm diameter and approximately 18 mm thick was held

between two porous stones located in the filter holders. The porous

stone had small steel pins 2.0 mm high projecting from their faces

in a regular array. The pins were intended to ensure transmission of

shear stresses across the top and bottom surfaces of the sample.

The bottom filter holder was located on the pedestal which was

firmly clamped to the base of the apparatus.	 The sample was

surrounded by a reinforced rubber membrane (4) 	 which was about

0.5mm thick.	 For the standard reinforced membrane, the

constantan wire used for reinforcement had a diameter of 0.15 mm,

a Young's modulus of	 152 x 1O 3 NPa and a tensile strength of

570 MPa.	 The reinforcement winding was 20 turns for every	 10 mm

height.	 This standard reinforced membrane was used for all tests

performed, tabulated in Tables 6.6 and 6.7, except for the tests

with	 O'	 776 kPa	 where a stiffer reinforced membrane was
used.	 For the stiffer reinforced membrane, iron nickel wire with

a diameter of 0.20 mm was used as reinforcement and the winding

was 30 turns for every 10 mm height. Drainage tubes were

provided at the top and bottom filter holders for injecting water

into the assembly.

(b) The vertical loading system

The vertical loading system consisted of the loading plate (5), the

adjusting mechanism (6), the lever arm (7), the proving ring (8),

the piston (9)	 which slid in a precision bearing (10),	 the

dial gauge (11) and the sliding box (12).	 The lever arm had a

ratio of	 1 : 10	 and could be locked for controlled movements

upwards or downwards by means of the adjusting mechanism. The

applied load on the hanger was transferred to the sample via the

lever arm, the piston, the proving ring and the sliding box.

The top half of the sliding box was rigidly attached to the piston

and was constrained to move vertically. The dial gauge measured

the displacement of the top of the box relative to the base of the

apparatus.

(c) The horizontal loading system

The horizontal loading system consisted of the drive unit (13),

the proving ring (14), 	 the piston (15)	 which	 slid in a
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precision bearing (16), the dial gauge (17)	 and the connection

fork (18). A constant rate of displacement was provided by the

drive unit and different speeds could be obtained by using

different motors and gear ratios giving a speed range of

1.2 x icr3 mm/mm	 to 12 mm/mm.	 The horizontal load was

transmitted to the sample through the proving ring, the piston

and the connection fork.	 The bottom half of the sliding box, and

the top filter holder which was clamped to it, 	 moved

horizontally.	 The two halves of the sliding box were separated by

bearings to prevent tilting of the filter holders. The dial gauge

measured the relative displacement	 of the two halves of the

sliding box.

Cd) Logging , storage and analysis of' test data

All test data were recorded manually during the tests. An Epson

QX-1O microcomputer together with programs written in the Basic

language were used for storing the data on floppy disks and for

carrying out analyses.

5.3.2	 Calibration and accuracy

The proving rings were calibrated for compression by dismounting

them and applying weights on them by means of a hanger. The

readings on the rings were recorded both during loading and

unloading.	 Typical calibration curves obtained during loading

of both proving rings are shown in Figure 5.3. 	 When the vertical

proving ring was dismounted, it had a reading greater than zero

even under no load condition. When mounted this reading was

counterbalanced by the self-weight of the piston, the sliding box

and the top filter holder so that the ring read zero when no

load was applied to the sample.

The accuracies of the measurements were affected by a number of

factors. The magnitudes of' the inaccuracies caused by each

factor will be estimated.

The calibration constants for the proving rings were determined

from the calibration curves obtained during loading.	 By
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comparison with the data obtained during unloading, the maximum

error that could arise from hysteresis was ± 2 kPa. The

friction in the vertical loading system was measured by applying

small loads to the loading plate until the lever arm started to

move.	 It was found to have varying magnitudes along the travel

of the piston with a maximum of 	 50 gm	 on the loading plate

corresponding to 1 kPa 	 on the sample.	 Friction between the

sample and the membrane would cause different vertical stresses

to be applied on the top and bottom surfaces of the sample. 	 The

difference was measured by	 Airey (1984) in his instrumented simple

shear apparatus to be less than 1 kPa. 	 The friction in the

horizontal loading system was determined by moving the sliding

box forwards and backwards manually.	 The maximum load recorded on

the proving ring was 0.5 division corresponding to less than

1 kPa on the sample.	 The shear resistance of the reinforced

membrane can be determined by shearing a water sample which has no

shear strength.	 The curve of shear stress versus shear strain

provided by Geonor shown in Figure 5.4 indicates that the shear

resistance is less than	 2 kPa	 for shear strains up to	 30 %

To prepare a water sample, the drainage openings at the top and

bottom filter holders were sealed with araldite and rubber 0-rings

were used to grip the reinforced membrane against the filter

holders.	 This method of confining the water allowed a vertical

stress of only 6 kPa to be applied without too much leakage. At

such stress, the shear resistances of the standard reinforced

membrane and the stiffer reinforced membrane were within 2 kPa

and 3 kPa respectively.

Volumetric strains were calculated by assuming that the horizontal

cross-sectional area of the sample remained constant throughout

the test, therefore, deformations of the reinforced membrane due

to changes in radial stress would lead to errors. 	 A calculation

in	 Appendix C	 shows that the maximum error in volumetric strain

that could result from changes in radial stress in any of the

tests performed is estimated to be ± 0.07 % . Because the

dial gauge measuring vertical displacements was situated on top of

the sliding box, compliances of the sliding box, filter holders,

porous stones and pedestal would affect the readings. A steel

dummy sample was placed between the filter holders and the

variation of vertical stress against displacement recorded on the
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dial gauge was obtained (Figure 5.5).	 The porous stones were

taken out because of the pins on their surfaces.	 Corrections have

been applied to all vertical dial gauge readings. Assuming that

the volume of the sample was increased by the volume of the pins,

the initial height of the sample was increased by approximately

0.05 mm.	 This would have changed the volumetric strains by less

than	 0.01 % .	 The effect of the pins on the measurement of

shear strain and the problem of slips which occurred in some of

the tests performed are considered in	 Appendix 0.	 No

correction for either of these effects was applied.

A summary of the estimated maximum values for all inaccuracies

described is given in Table 5.1.

5.4	 Stress path testing equipment for samples with 38 mm diameter

5.4.1	 General description

Microcomputer controlled stress path testing equipment developed

at the City University, called the Spectra system, was used.

The developments in microcomputer controlled stress path

testing equipment have been described by Atkinson et al (1985b).

An introduction	 to the	 Spectra	 system and detailed

instructions for operating the equipment were given in the

operating manual	 (Atkinson et al, 1983).	 Only	 a	 brief

description of the system will be given here.

The Spectra system consists of six Bishop and Wesley

hydraulic stress path cells connected to a single central

microcomputer which provided automatic control and data logging.

Two of the cells, cells no. 2 and 4, have been used in the

course of this study.	 The	 major components of the system

can be listed as

(a) the Bishop and Wesley hydraulic stress path cell;

(b) instrumentation for measuring stresses and strains;
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(c) pressure and axial strain control;

(d) microcomputer hardware and software.

A diagram of the system is shown in Figure 5.6 and each

component will be briefly described.

(a) The Bishop and Wesley hydraulic stress path cell

The Bishop and Wesley hydraulic stress path cell has been

described in detail by Wesley (1975) and Bishop and Wesley (1975).
Both cells no.	 2 a-d	 4	 of the Spectra system have been

slightly modified.	 The bodies have been enlarged to 200 mm

diameter and the arrangement of the drainage	 connections have

been redesigned.	 Drainage was provided only from the bottom of

the sample.	 Figure 5.7	 shows one of the cells used.

(b) Instrumentation for measuring stresses and strains

The instruments attached to the cell recorded the axial force

Fa ,	 the radial stress	 r	 the pore pressure u , the

change of sample length	 L	 and the	 change of sample volume

The	 arrangement of	 the	 instruments can also be

seen in Figure 5.7.

All the instruments were of resistive type, 	 measuring the

distortions of resistors in a Wheatstone bridge.	 An axial

force was measured by an Imperial College load cell with a

capacity	 of 4.4 kN.	 Both cell and pore pressures were

recorded using Druck pressure transducers with a range of

0-1000 kFa. Axial displacements were measured both by a dial

gauge and a MPE displacement transducer with 25 mm travel.

Volume changes were recorded by an Imperial College volume

gauge with	 50 c.c.	 capacity.

(c) Pressure and axial strain control

The pressures required by the six cells were supplied by a mains

pressure generated in a Motivair air compressor. The air from

the compressor was cleaned and dried and passed through a Compair
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air pressure	 regulator (model M)	 which allowed a maximum of

750 kPa to be supplied to the equipment.	 This regulator also

ensured that the supply was smooth, unaffected by the varying

output of the compressor.	 The air supply was then passed to

the cells.

At each cell,	 each of the cell pressure,	 back pressure and

pressure in the bottom pressure chamber was regulated by a

Fairchild air pressure regulator (model 10).	 Each regulator was

driven by a motor via a reduction gearbox.	 The motors were

controlled by the central microcomputer and were 	 AC motors

capable of rotating in both clockwise and anticlockwise

directions.	 The gearboxes had a ratio which allowed a maximum

rate of change of stress of about	 60 kPa/hr	 to be achieved with

the motor running continuously. Pressures in the cell fluid and

bottom pressure chamber fluid were generated from the air

pressures using air-water interfaces.

When axial strain control was required, the bottom pressure

chamber of the Bishop and Wesley cell was disconnected from

pressure control but remained connected only to the Bishop ram

by closing valve A (Figure 5.6). This allowed a fixed volume of

incompressible fluid to be displaced to or from the Bishop ram.

The Bishop ram was driven by a motor via a gearbox. 	 The

motor was controlled by the microcomputer and was the same as

those for pressure control. 	 The gearbox had a ratio which gave

a maximum strain rate of about 2 % per hr

(d) Microcomputer hardware and software

The microcomputer which controlled and monitored the six cells

was an Intercole Spectra xb microcomputer with 32 K memory.

Its peripherals included a keyboard, a visual display unit (VDU)

and a cartridge tape drive. The VDU and keyboard were used as

control console and the cartridge tape drive held the control

program 'SPCTRA' and the systems programs for operating the

peripherals.

The microcomputer was interfaced to the outputs from the

transducers by a set of	 L48	 analogue input channels. 	 Each cell
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was allocated six of these channels for the load cell, pore

pressure and cell pressure transducers,	 axial displacement

transducer and volume gauge leaving one spare channel. 	 The

channels were scanned at 10 s intervals and the analogue

signals amplified and converted to	 15-bit digital signals.	 The

resolutions of the analogue to digital conversions were therefore

1/(2 15 ) i.e. 1/32,768	 of the full ranges of the analogue

input channels.	 The digital signals were then converted to

stresses and	 strains through suitable calibration constants.

The resolutions of' the measurements in terms of stresses and

strains are given in Table 5.2. 	 Every hour the current values of

stresses and strains were recorded.	 The microcomputer was

interfaced to the pressure and axial strain control by a set of

48 data output relay channels.	 Seven of' these channels were

allocated to each cell for controlling the motors.

The microcomputer was linked to another system, 	 the Epson

system, comprising a	 QX.-10	 microcomputer with	 192 K memory,

a keyboard, a VDU, two disc drives and a printer.	 The

QX-10	 microcomputer was loaded, with a constantly running

program	 'LINK'	 which opened files to store the hourly

readings.	 Each day the data stored were printed and at the end

of a test the data were dumped to floppy disc for permanent

storage.	 The program	 'LINK'	 could be interrupted in order to

use the QX-10	 microcomputer for data analyses.

The control program	 'SPCTRA'	 was written in BASIC and the

main feed-back control loop of the program is shown in

Figure 5.8.	 This loop was run continuously but could be interrupted

to perform various operations.

At the beginning of a test stage the stress path was set by

specifying the	 starting state, rate of loading, finishing state

and limit of control.	 The limit of control represented the

maximum deviation from the specified values allowed.

The stresses and strains were computed as

-	 (5.1)
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E 0	 - 6viv0
	 (5.2)

6 ro	 voao
	 (5.3)

where	 and V 0	 were the initial length and volume

respectively when the strains were set to zero.	 Pore pressure

u and radial stress 0r	 were computed from the readings of

the transducers and the axial stress was computed as

Fa/A +
	

(5.4)

where	 Fa	 was the axial force measured by the load cell and

by assuming that the sample remained a right cylinder as it

deformed and the current area	 A	 was calculated as

A	
A (1 = Ev)	

(5.5)

where	 A0	 is the initial area.	 Corrections for the stiffness

of the rubber membrane and the side drains were not included

in the program.

5.4.2	 Calibration and accuracy

Each instrument was calibrated by applying known displacements,

loads or pressures to the device and the stresses or strains

displayed at the console were compared with the applied

stresses or strains. Adjustments to the calibration constants

could be calculated by

(Revised \ - fExisting\ ( applied value 	
(5 6)

constant) - kconstant/ \displayed value)

The load cell was calibrated for compressive stresses by

inverting the cell and placing weights directly on top of it.

For tensile stresses, weights were applied via a hanger

attached to the load cell.

119



The pore pressure and cell pressure transducers were calibrated

using a Druck digital	 pressure	 indicator	 (model DPI1O1)

connected to a Bishop ram as shown in Figure 5.9. 	 Valves	 D

and E were for de-airing the system. 	 Pressures were applied

to the transducers by turning the Bishop ram with valves B and

C	 open and valves	 A, D	 and	 E	 closed.	 The applied

pressures were displayed by the indicator to an accuracy of

± 0.04 % .	 The indicator itself was calibrated by a Budenberg

dead weight calibrator which could apply pressures to within

± 0.03 % of the stated values. The pressure transducers were

mounted at the same level as the indicator to eliminate any

difference in pressure due to difference in elevation.

The axial displacement transducer was calibrated by mounting the

transducer and a micrometer on a block as shown in Figure 5.10.

Displacements were applied by turning the barrel of the micrometer

and noting the readings on the vernier.

The volume gauge was calibrated by connecting it to the Bishop

ram. Water was displaced in and out of the volume gauge by

turning the handwheel of the Bishop ram and noting the exact

number of turns. The inner diameter of the cylinder of the Bishop

ram was 38.0 mm and the pitch of the threads was 	 0.98 mm

giving the volume of water per turn as	 1 .11 c.c.

Factors which affected the accuracies of the instruments were

hysteresis, drift and	 noise.	 The errors due to hysteresis

were obtained from the calibration curves.	 Drift arose from

changes of gauge resistance under constant stress or strain

conditions.	 Noise was any signal which was transmitted in addition

to the instrument output and was caused by magnetic fields

generated by other devices in the surroundings. Inaccuracies due

to drift and noise were checked by observing the variation of

readings when constant stresses or strains were applied.

Inaccuracies due to temperature changes were eliminated by

keeping the temperature of the laboratory constant. A summary of

typical values of inaccuracies for each instrument is given in

Table 5.3.
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As shown in	 Equation (5.4) the axial stress	 was calculated

as the sum of the cell pressure	 0r	 and the deviator stress

a0r	 It was, therefore, subject to inaccuracies related to

both stresses resulting in worst errors of 	 ± 6 kPa.

Hysteresis of the volume gauge was found to be of the order of

0.1 % . However, the calibration curves for both compression and

swelling were linear and had the same slope so that it was

possible to eliminate the effect of hysteresis by adopting the

test procedure described in Section 5.11.2.

Further inaccuracies arse from the flexibilities of various parts

of the testing apparatus. The design of the load cell was based

on relating the applied deviator stress to a small deformation of

the load cell measured by strain gauges.	 Therefore, a component

of the axial strain measured by the axial displacement

transducer was due to the compression of the load cell. To

measure this compressibility, a steel dummy sample was set up

like a real sample and was loaded in both compression and

extension. The variation of deviator stress with axial strain

was obtained and corrections were applied to the test results.

Since a constant back pressure was applied in all tests the

compressibility of the volume gauge did not cause any

inaccuracies.

For those tests which involved crossing the isotropic axis, a

sudden jump in the axial strain measurement could occur as the

strain gauges in the load cell moved from compression to

extension.	 Such jumps could be identified in the test results and

corrected accordingly.	 Any leakage in the drainage system would

have resulted in errors in volumetric strains. 	 Checks were

carried out by sealing the openings of the drainage paths at the

pedestal.	 Leakage through any of the drainage connections would

then be registered as volume change.

Errors would also have been introduced by the non-uniform

straining of the samples. As the top and bottom platens were

not perfectly smooth, shear stresses developed along these

boundaries prevented the sample from maintaining the shape of a
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right cylinder when deforming.	 There was no simple method for

estimating the errors involved.

In general, the accuracy of the system was acceptable for

stress path testing and the summary of' inaccuracies given in

Table 5.3 gives a reasonable estimate of the limits of accuracy

of' the measurements obtained.

5.5	 Stress path testing equipment for samples with 100 mm diameter

5.5.1	 General description

The microcomputer controlled stress path testing equipment for

samples with 100 mm diameter was developed from the Spectra

system described in Section 5.4.	 A detailed description of the
equipment has been given by	 Clinton (1987).	 Unlike the Spectra

system, these equipment used a single microcomputer for the

control and logging of a single stress path cell. Therefore,

the equipment was in the form of individual units each with the

following major components

(a) a hydraulic stress path cell;

(b) instrumentation for measuring stresses and strains;

(c) pressure and axial strain control;

(d) microcomputer hardware and software.

A diagram of the arrangement of the components is shown in

Figure 5.11 and each component will be briefly described.

(a) The hydraulic stress path cell

The layout of the cell, shown diagrammatically in Figure 5.12, is
very similar to the 	 Bishop and Wesley stress path cell.	 The
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upper part of the cell comprised an aluminium pressure vessel with

an internal diameter of 275 mm	 and two round steel plates which

formed the ends of the vessel. 	 The top plate was held in

position by three steel tie bars located inside the vessel. The

load cell was mounted to the top plate by a screw threaded

connection and the top platen of the sample was bolted to the load

cell.	 The cell pressure transducer was attached to the bottom

plate.

The pedestal with a diameter of 100 mm was mounted at the top of

the loading ram which had a diameter of 97 mm. Bellofram rolling

seals were used to retain the cell fluid and the ram travelled up

and down a linear bearing. 	 The base of the loading ram had a

diameter of	 1L+O mm	 so that the ratio of the area of the base of

the ram to the area of the sample was	 2	 1.	 The bottom

pressure chamber was sealed by a second rolling Bellofram. A

cross-arm attached to the loading ram moved up and down in slots in

the portion of the cell between the bearing housing and the

bottom pressure chamber to deflect a dial gauge and the axial

displacement transducer.

Two drainage • passages from the pedestal were connected via

separate tubes to two separate chambers attached to the bottom

plate of the vessel. The pore pressure transducer was attached

to one of the chambers and the other chamber was connected to the

volume gauge by a tube.

(b) Instrumentation for measuring stresses and strains

The arrangement of the instruments has been shown in Figure 5.11.

All instruments were of resistive type,	 based on changes of

resistance of strain gauges arranged as a Wheatstone bridge. 	 An

axial force was measured by an Imperial College load cell with

a capacity of	 26.5 kN.	 Both cell and pore pressures were

recorded by Druck pressure transducers with a range of

0-1000 kPa.	 Axial displacements were measured both by a dial gauge

and a MPE displacement transducer with 50 mm travel. Volume

changes were recorded by an Imperial College volume gauge with

100 c.c. capacity.
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(c) Pressure and axial strain control

Pressures were supplied by a mains pressure generated in a

Motivair air compressor. The air was cleaned and dried and

passed through a Compair air pressure regulator (model M) which

allowed a maximum of 800 kPa to be supplied to the equipment. Each

of the cell pressure, back pressure and pressure in the bottom

pressure chamber was regulated by a John Watson and Smith

electromanostat (model EMC) controlled by the microcomputer. 	 Each

electromanostat	 consisted of an air pressure regulator driven by

a stepper motor via a reduction gearbox.	 The stepper motors

were	 12 V	 DC	 motos with a step angle of	 7.5° .	 Each step

corresponded to a pressure change of 	 0.4 kPa.	 The gearboxes had

a ratio of 60 1 . Pressures in the cell fluid and bottom

pressure chamber fluid were generated from the air pressures using

air-water interfaces.

When axial strain control was required,	 the bottom pressure

chamber was disconnected from pressure control but remained connected

only to the Bishop ram by closing valve A (Figure 5.11).

This resulted in a fixed volume of incompressible fluid displaced

to or from the Bishop ram which was driven by a stepper motor via

a	 gearbox.	 The stepper motor was controlled by the

microcomputer and was the same as those for pressure control.

The gearbox had a ratio of'	 125 : 1

(d) Microcomputer hardware and software

The microcomputer which performed the feed-back control and

data logging was an Acorn BBC microcomputer (model B+) with a

64 K ram. Its peripherals included a keyboard, a VDU, a

disc drive and a printer.

The microcomputer was interfaced to the pressure and axial strain

control and to the outputs from the transducers by an Intercole

Spectra Micro-ms interface unit. Digital commands from the

microcomputer for pressure and axial strain control were sent down

an	 RS423	 serial bus to the interf ace unit. The unit converted

these commands into analogue signals and passed them to an

Intercole relay box (model CM62).	 The signals operated the relays

124



to generate pulses which were sent to the stepper motors causing

them to turn in the required directions for the required number of

steps.

Analogue outputs from the transducers were transmitted to input

channels of the interface unit. 	 The analogue signals were then

converted to	 digital signals with	 11	 bits.	 Hence,	 the

resolutions of the conversions were	 11(211)	 i.e. 11(2048)	 of

the full ranges of' the channels.	 The resolutions of the

measurements from each instrument in terms of stresses and strains

are given in	 Table 5.4.	 The digital signals were then passed

to the microcomputer via the	 RS423	 bus.

The control program	 'TRIAX.+'	 has been fully described in the

user manual (Clinton, 1986). The main control loop was run

continuously but could be interrupted to perform various

operations. At the beginning of a test stage the stress path was set

by specifying the starting state, rate of' loading and finishing

state. The intervals at which the transducers were scanned and

the intervals at which readings from the transducers were recorded

were also specified by the operator.	 The stresses and strains

were computed as given by 	 Equations (5.1) to (5.5).

5.5.2	 Calibration and accuracy

Except for the method used for calibrating the load cell in

compression, the methods used for calibrating the instruments were

the same as those used for the Spectra system described in	 -

Section 5.4.2.

The calibration of' the load cell for compressive deviator

stresses was divided into two parts. For stresses below 100 kPa,

the load cell was inverted and weights were placed directly on

top of it.	 For stresses above	 100 kPa, an oedometer frame

made by Wykeharn Farrance (model 2400) was used. The load

cell was removed from the top plate and placed inverted on the

platform where an oedometer sample would usually be placed.

Weights applied to the hanger were transferred to the load cell

via the lever arm which had a ratio of 	 1 : 11.2
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Sources of inaccuracies were the same as those which affected the

Spectra system described in Section 5.4.2. A summary of typical

values of inaccuracies for each instrument is given in Table 5.4.

The inaccuracy of axial stress	 0a	 measurements was the sum

of the inaccuracies of the radial stress 	 and deviator stress

and was therefore	 + 3.7 kPa.

The compressibility of the load cell was measured by setting up a

steel sample in the stress path cell and loading it in compression

and extension. At the beginning of a test stage, the

compressibility was input as test data and the control program

automatically corrected the axial strain measurements. Different

ranges of deviator stress gave rise to different values of

compressibility so that it was necessary to adjust the value used

as testing progressed.	 The flexibility of the volume gauge was

obtained by varying the back pressure and observing the volume

change measured.	 This was also corrected by the control program

during testing.	 Checks on leakage in the drainage system were

carried out in the same way as for the Spectra system.

In general, the accuracy of the system was acceptable for stress

path testing and the summary of inaccuracies given in Table 5.4

gives a reasonable estimate of the limits of accuracy of the

measurements obtained.

5.6	 Shear box apparatus

5.6.1	 General description

A standard shear box was used by the author for testing

samples	 BMB1	 to 8M84	 and all other tests,	 shown in

Table 6.8, were performed by	 BRE	 using a standard shear box

with automatic data logging.	 A detailed description of the

standard shear box has been given by Head (1982).	 The standard

shear boxes used, manufactured by Wykeham Farrance, accommodated

samples	 60 mm	 square in plan and were typical of that used

for routine testing. 	 The principal components of the apparatus
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are	 (a) sample assembly;	 (b) vertical loading system; 	 and

(c) horizontal loading system.

(a) The sample assembly

The sample assembly consisted of a container, two halves of a

split box, top and bottom platens, top and bottom porous stones

and	 top and bottom perforated grid plates. 	 The soil sample

approximately	 25 mm	 thick was held between the two grid plates

which ensured transmission of shear stresses across the top and

bottom surfaces of the sample. The two halves of the box could

be temporarily fixed together by means of two clamping screws

located at opposite 
1 
corners of the box. The remaining two

corners could be inserted with lifting screws for lifting the

top half so as to separate the two halves of the box.

(b) The vertical loading system

The vertical loading system consisted of a loading yoke and

weight hanger and a dial gauge. The dial gauge measured the

displacement of the top platen relative to the steel frame which

Supported the apparatus.

(c) The horizontal loading system

The horizontal loading system consisted of a motor-gear unit, a

screw jack, roller bearings, a dial gauge, a connection fork

and a proving ring. The screw jack driven by the motor-gear

unit pushed the container along the roller bearings at a constant

rate of displacement. The lower half of the split box was

constrained to move with the container. The horizontal load was

transmitted to the proving ring via the sample, the upper half

of the box and the connection fork. 	 The point of contact

between the connection fork and the proving ring was in line with

the plane of separation of the two halves of the box. The

deformation of the proving ring was calibrated to give the

horizontal load and the dial gauge mounted on the container

measured the relative displacement of the two halves of the

box.
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(d) Storage and analysis of test data

An Epson Ox-lO microcomputer together with programs written in

the Basic language were used for storing the data on floppy

disks and for carrying out analyses.

5.6.2	 Calibration and accurac

The proving ring was calibrated for compression by dismounting it

and applying weights on it by means of a hanger. 	 The maximum

error that could arise from hysteresis was ± 1 kPa . 	 The

dial gauges recorded to the nearest	 0.01 mm so that for a

sample 20 mm	 thick the limits of accuracy for volumetric strain

and shear strain were bo€h	 0.05 % .	 For the automatic data

logging system used by BRE,	 the accuracies of the measurements

were estimated by Powell (1988) to be	 ± 0.2 kPa	 for shear

stress and	 0.01 mm	 for horizontal displacement.

5.7	 Procedures for preparation of simple shear samples

All Cowden till and London clay samples were supplied by BRE in

100 mm diameter thin wall tubes taken from the test bed sites.

The borehole numbers and depths of the tubes used for preparing

undisturbed simple shear samples are given in Table 5.5. The

procedures followed for preparing Cowden till and London clay

samples are very similar, therefore, in Sections 5.7.2 and 5.7.4

only the procedures which are different to those for Cowden till

samples will be mentioned.

5.7.1	 Undisturbed Cowden till

Due to difficulty in extruding the soil from the sample tubes, for

the preparation of each sample, a 40 mm length of the sample tube

containing the soil was sawn off with a power driven hack-saw. The

sawn-off section was held by a lathe and the annulus of steel was

sawn off with a hand operated hack-saw.
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The short length of clay was transferred onto the pedestal of

the Geonor sample trimming apparatus. The sharp-edged steel former

was placed on top of the sample and the yoke of the trimming

apparatus lowered to press against the former. By pushing the yoke

down, the sharp edge of the former was driven into the sample and

a knife was used to cut away the material which had been pushed

aside.	 Any particles which hindered the advance of the former were

removed and replaced by pressing in small lumps of the clay. This

process of pushing the yoke down followed by trimming the edges of

the sample was repeated until the full height of' the former was filled

with soil.

One end of the sample was trimmed square using a knife and a

spatula and the Perspex disc was	 pushed into the former from

this end.	 The other end of the sample was then also trimmed

square producing a sample of 18 mm height. Any sand or gravel

sized particles on the horizontal surfaces of the sample which

might prevent the pins from proper penetration were removed

and replaced by the clay.	 The sample was weighed and the water

content of the trimmings determined.

5.7.2	 Undisturbed London clay (brown and blue)

No difficulty was encountered in extruding the soil from the

sample tubes so that a 40 mm length of the clay was extruded

using the hydraulic extruder. The extruded length of clay was

then cut off with a knife.

5.7.3	 Remoulded Cowden till

Material from the sample tube was soaked in water for a few days to

allow it to soften. The material was transferred to the mechanical

mixer where any remaining aggregations were broken up. The speed of

mixing and the distance between the bowl and the whip were monitored

to avoid crushing of the particles. 	 The material was then wet-

sieved on a	 2 mm sieve, air-dried, and gently broken up into a

powder with a mortar and a pestle.
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About 200 gm of the powder was placed in an evaporating dish and

dried in the oven at 105°C . De-aired distilled water weighing

25 % of the weight of the dried powder was added onto the dish and

mixed with the powder using spatulas. 	 The amount of water added was

chosen on the basis that it should provide the mixture with a

convenient moulding consistency. Mixing was carefully confined

within the evaporating dish so that no loss of the intended

amounts of soil and water could occur during mixing. The mixture

was then kneaded into a homogeneous mass and packed into the steel

former with the Perspex disc inside the former. 	 Care was taken to

avoid inclusion of air. 	 The ends of the sample were levelled off to

give a sample of 18 mm	 height.

5.7.4	 Remoulded London clay (brown and blue)

Neither breaking up aggregations of soil with a mechanical mixer

nor wet-sieving was necessary with this material. Water weighing

40 % of the weight of the dried powder was added.

5.7.5	 Reconstituted Cowden till

A powder prepared in the same way as that for the remoulded samples

was mixed with de-aired distilled water in a mixing bowl to form a

slurry. The weights of' powder and water used were 260 gm and

150 grn respectively providing the slurry with a convenient

viscosity for pouring.	 Care was taken not to trap air or lose

any material during mixing.

The steel former was fitted onto the bottom filter holder with the

porous stone in place to form an oedometer. The slurry was poured

slowly from a scoop into the oedometer while continuously stirring to

avoid trapping air. 	 The surface of the slurry was levelled off

flush with the edge of' the former. 	 A filter paper disc of 79 mm

diameter was placed on top of the slurry and the porous stone was

placed on top of the filter paper disc. 	 The top filter holder was

used as the top piston for the oedorneter.

The oedometer was transferred to the loading bench and vertical
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stresses were applied to the sample by means of the hanger and

weights.	 The vertical stress was increased	 gradually over a few

hours up to	 16 kPa.	 The sample was then	 allowed to consolidate

overnight to a thickness of about 20 mm. Figure 5.13 shows a

sample under consolidation and Figure 5.14 shows a sample after

consolidation ready for setting up.

5.8	 Procedures for preparation of triaxial samples

All samples were taken from the BRE test bed site at Brent in

tubes. The borehole numbers and depths of the tubes used for

preparing undisturbed triaxial samples are given in Table 5.5.

5.8.1	 Reconstituted London clay (blue) with 38 mm diameter

Material from the sample tube was air dried and then gently broken up

into a powder with a mortar and a pestle. The powder weighing

190 gm was mixed with 210 gm of de-aired distilled water in a

mixing bowl to form a slurry. This ratio of soil and water was chosen

by trial and error to give a viscosity convenient for handling.

The Perspex tube and the bottom piston with a filter paper disc on top

of it were placed in position in the bath to form an oedometer. The

slurry was poured from a scoop into the oedometer slowly and

continuously to avoid trapping air. 	 It was found that 240 gm of

the slurry would provide a sample of about 76 mm height after

consolidation.	 A filter paper disc was placed on top of the slurry

and the top piston was placed on top of the filter paper disc.

The oedometer was transferred to the loading bench and vertical

stresses were applied to the sample by means of the hanger and

weights.	 The vertical stress was increased gradually over a few

hours up to 52 kPa.	 The tube was then lifted in relation to the

bottom piston in order to have the same stresses acting on the top

and bottom halves of the sample. The sample was allowed to

consolidate overnight and a sample under consolidation is shown in

Figure 5.15.
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5.8.2	 Undisturbed London clay (brown and blue) with 100 mm diameter

A 250 mm length of the clay was extruded from the sample tube using

the hydraulic extruder.	 The extruded clay was cut off with a knife

and placed on a cradle. The length of the sample was gradually

trimmed down to about 200 mm using the knife and the ends were made

even by pressing a straight edge firmly against the ends of the

cradle and scraping material off the surfaces. 	 Mo trimming of

the sides was necessary. 	 The length and diameter of the sample were

measured by calipers and the weight of the sample recorded.	 The

water content of the trimmings was determined.

-I

5.9	 Procedures for preparation of shear box samples

All Cowden till and London clay samples were taken from the

BE test bed site in tubes. The borehole numbers and depths of

the tubes used for preparing undisturbed shear box samples are

given in Table 5.5.

5.9.1	 Undisturbed Cowden till

A length of the clay was extruded from the sample tube and cut

off with a knife.	 The sample cutter was driven into the clay and

the material pushed aside was cut away.	 Any particles which

hindered the advance of the cutter were removed and replaced by

pressing in small lumps of the clay.	 After the cutter was filled

with the soil, the ends of the sample were trimmed flat using

a knife and a straight edge. Any sand or gravel sized

particles on the horizontal surfaces of the sample which might

prevent the grid plates from gripping the soil were removed and

replaced by the clay.	 The sample was weighed and the water

content of the trimmings determined.

5.9.2	 Undisturbed London clay (brown)

Same as for undisturbed Cowden till described in Section 5.9.1.
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5.9.3	 Remoulded Cowden till

A powder of the material was prepared in the same manner as

described in	 Section 5.7.3.	 The powder was mixed with de-

aired distilled water using spatulas in a mixing bowl. The

cutter was placed on a flat glass plate and the soil kneaded

into the cutter while keeping the cutter firmly in contact with

the glass plate.	 Care was taken to avoid including any air.

The ends of the sample were trimmed level.

5.9.4	 Rernoulded London clay (brown)

A powder of the material was prepared in the same manner as

described in Section 5.7.4. About 200 gui of the powder was

placed in an evaporating dish and dried in the oven at

105°C .	 De-aired distilled water weighing 40 %	 of the weight

of the dried powder was added onto the dish arid mixed with the

powder.	 The mixture was kneaded into the cutter arid the ends of

the sample levelled off.

5.10	 Procedures for simple shear tests

5.10.1	 Setting up

• The undisturbed and remoulded samples were extruded from the steel

former onto the bottom filter holder seated on top of the pedestal.

In the case of the reconstituted samples, this step was eliminated

because the samples were consolidated on top of the bottom filter

holder. The purpose was to avoid disturbing the reconstituted

samples which were much softer than the undisturbed and remoulded

samples.

The wire-reinforced part of the membrane was placed inside the

stretcher and the unreinforced rubber folded over the ends. A

vacuum was applied using a suction pump through the tubing of the

stretcher to stretch out the membrane which was then slid over the

sample.	 Before the suction was released it was checked that the
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full height of the sample would be covered by reinforcement. The

top filter holder, the drainage tubes and the plastic container

were placed in position and the complete sample assembly was

transferred to the shear apparatus.

In the case of the undisturbed samples, the pins were bedded

into the sample by applying a vertical stress of 300 kPa on the

sample and removing the stress as quickly as possible to avoid

disturbance. Weights which gave the intended vertical stress for

compression were left on the loading plate and water was injected

through the drainage tubes to fill the sample assembly.

5.10.2	 One-dimensional compression and consolidation

After setting up, vertical stresses were applied to the samples by

applying weights on the loading plate. The samples were allowed to

consolidate or swell until they reached equilibrium at these

stresses.	 The sequence and the values of the vertical stresses

applied on each sample are tabulated in Table 5.6.

Each vertical stress was applied suddenly and vertical dial gauge

readings at elapsed time	 t	 after the application of the

vertical stress were taken at 	 t (mm) z 1/4, 1/2, 1, 2, 4, 8,

16,	 30,	 60, ... etc.	 The only exception to this was when a

vertical stress of 388 kPa	 was to be applied to a disturbed sample

as the first stress in the sequence. In this case the vertical

stress was raised by 4 equal increments of 97 kPa at approximately

hourly intervals.

At each vertical stress the sample was left overnight for it to

reach equilibrium. When the excess pore pressure had fully

dissipated so that further changes in sample volume became

negligible, the final vertical dial gauge reading was noted and the

next vertical stress in the sequence applied.

5.10.3	 Shearing

All samples of Cowden till and London clay were sheared at a
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constant rate of horizontal displacement of 	 0.52mm/hr

corresponding to a shear strain rate of approximately 	 3 % per hr

Headings of the proving rings and dial gauges were taken at

approximately	 20 mm	 intervals.

Two types of shearing were performed, constant c' 	 shearing and

constant volume shearing. 	 In both types of shearing, there were no

provisions for drainage prevention and pore water pressure

measurement.	 The samples were considered to have zero pore

pressure all the time. Appendix B shows that the excess pore

pressures in both Cowden till and London clay samples were

acceptably small.

Before shearing started, the horizontal dial gauge was adjusted to

zero, and any slack in the horizontal loading system was taken up

manually until the horizontal proving ring just started to move.

In the case of constant volume shearing, the loading plate was

clamped to the adjusting mechanism while taking care to maintain the

vertical stress at	 °\To .	 After the clamping all weights were

removed.	 Initial readings of the proving rings and dial gauges were

taken and the drive unit was switched on.

During constant	 0v'	 shearing, the weights on the loading plate

were left unchanged so that the effective vertical stress remained

constant at	 0,c'	 throughout shearing.

During constant volume shearing, as the sample tended to compress

or dilate the vertical stress on the sample was adjusted to keep

the sample height constant. Assuming there was no excess pore

pressure, at any time during shearing the applied vertical stress

was also the effective vertical stress.

5.10.4	 Post-shearing

At the end of each test the total vertical stress was reduced to

20 kPa and the sample left to swell for several hours. The

vertical dial gauge reading was recorded just before the sample

assembly was taken out.	 The sample was then removed from the

membrane and its water content determined.
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5.11	 Procedures for stress path tests on samples with 38 mm diameter

5.11.1	 Setting up

The Bishop and Wesley cell was half filled with water and the zero

readings from the load cell and the pressure transducers were

taken.	 The cell was emptied and the upper part of the cell removed

again. The drainage passages of the cell base and the volume gauge

were flushed with de-aired distilled water using the Bishop ram

leaving a meniscus on the pedestal. A porous stone saturated with

water was placed on the pedestal by sliding it across the meniscus to

avoid trapping air. High vacuum grease was applied along the sides

of the pedestal and the top cap.	 A filter paper disc was placed

on the porous stone.

A dial gauge mounted on a holder was placed on the loading bench next

to the Perspex oedometer. The gauge spindle was set to rest on

the top cross-arm of the hanger and the gauge reading was noted.

The tube containing the sample was transferred to the Bishop and

Wesley cell where it was held over the cell base and the sample

pushed out of the tube onto the filter paper disc on the pedestal.

A filter paper disc saturated with water was placed on the top of

the sample and the top cap was placed in position. A filter paper

side drain also saturated with water was wrapped round the sample

overlapping the porous stone at the bottom end.	 A 'fish-net'

type side drain described by Hichardson (1988) was used for

extension tests to minimise the effect of stiffness of the paper.

A rubber membrane was placed inside a membrane stretcher with the

ends folded over and a vacuum was applied by sucking through the

mouthpiece to stretch out the membrane. 	 The vacuum was sustained

by pressing a finger over the mouthpiece while the membrane was slid

over the sample slowly without touching it. 	 The suction was

released so that the membrane contracted on to the sample and the

ends of the membrane were slipped off' the stretcher. 	 A good

contact between the membrane and the greased parts of the pedestal

and top cap was ensured by stroking the membrane. 	 Two rubber

0-rings were used to grip the membrane against the pedestal and
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another two were used for gripping the membrane against the top cap.

The suction cap was screwed onto the top cap and the cell was

filled with water.

The cell pressure was increased so that the pore pressure became

the same as the required back pressure. The back pressure was set

at the required value. The Bishop ram was connected to the valve

at the top of the pore pressure transducer chamber and both this

valve and the drainage valve between the sample and the volume

gauge were opened. By unwinding the handwheel of the Bishop ram

water was drawn from the volume gauge, passed the base of the

sample, through the poçe pressure transducer chamber into the

Bishop ram. The drawing of water was continued until no air

bubbles came out of the de-airing valve. The valves were closed

again and the Bishop ram disconnected.

In order to check that the value of Skempton's pore pressure

parameter	 B	 was at least	 0.98	 the cell pressure was raised

by 50 kPa and the pore pressure response observed. The cell

pressure was then lowered so that the pore pressure became the

required back pressure again. The Bishop ram was connected to

the valve at the top of the cell, and the rem pressure was

increased to bring the suction cap upwards slowly towards the load

cell. With the suction cap fitted over the load cell the valve at

the top of the cell was opened and water between the top cap and

the load cell was drawn out.	 Care was taken to keep the deviator

stress at zero all the time.	 The Bishop ram was disconnected

and the valve left opened.

A dummy Perspex sample was set up in the oedometer in the same

way the soil sample was. The reading of the dial gauge above

the hanger was noted and the height of the soil sample was

calculated from the height of the dummy sample and the dial gauge

readings.

Zero readings for the strains were taken from the displacement

transducers.	 The required test data were entered at the console

and the test stage started. 	 As soon as the pressures were under

control by the microcomputer the drainage valve was opened.
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5.11.2	 One-dimensional compression

The sample was compressed from its initial isotropic stress

state to	 p'	 107 kPa	 and	 q'	 51 kPa	 which was close to

a	 1<0	 stress state.	 A linear stress path was followed using

stress control at	 2 kPa/hr .	 At the end of the stress path the

test stage was ended.	 A new test stage was started to compress

the sample under	 K	 condition by controlling the axial stress

to increase at	 3 kPa/hr	 and at the same time controlling the

radial strain to remain constant. On completion of the stress

path the stresses were automatically held constant and any excess

pore pressure was allowed to dissipate fully before the test stage

was ended.

For tests which required K swelling, the drainage valve between

the sample and the volume gauge was closed and approximately

3 c.c. of water was released through the valve at the top of the

volume gauge. This reversed the direction of movement of the

Bellofram and the displacement transducer of the volume gauge,

hence, eliminating any hysteresis effect.	 The drainage valve

was re-opened.	 Zero readings of strains were taken from the

displacement transducers and the current sample dimensions were

entered as test data.	 A test stage was then started to swell

the sample under K	 condition by controlling the axial stress

to reduce at	 3 kPa/hr	 while keeping the radial strain at

zero.	 The test stage was ended when the required value of

was reached. A new test stage was started to hold the axial

stress constant and the radial strain at zero and any excess

pore pressure was allowed to dissipate fully before ending the

test stage.

5.11.3	 Shearing

The drainage valve between the sample and the volume gauge was

closed.	 Zero readings for strains were taken and current sample

dimensions were entered as test data.	 For compression tests, the

axial stress was controlled to increase at 	 5 kPa/hr , and for

extension tests, the axial stress was controlled to decrease at

5 kPa/hr .	 In both cases, the radial stress was kept constant.
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When the rate of change of axial strain reached	 0.5 ^ per hr

in the compression tests and 	 -0.5 % per hr	 in the extension

tests, loading was changed from stress control to axial strain

control.	 Strain rates of	 0.5 % per hr	 and	 -0.5 % per hr

were used for compression and extension tests respectively.

5.11 .4	 Post-shearing

At the end of each test the top cap was disconnected from the

load cell and the cell pressure was reduced to zero. The sample

was removed from the membrane and its water content determined.

It was checked that the load cell and pressure transducers were

all giving zero readings.

5.12 Procedures for stress path tests on samples with 100 mm diameter

5.12.1	 Setting up

Zero readings for the load cell and the pressure transducers were

taken.	 The drainage passages of the cell base and the volume

gauge were flushed with de-aired distilled water using the Bishop

ram leaving a meniscus on the pedestal. A porous stone saturated

with water was placed on the pedestal by sliding it across the

meniscus.	 High vacuum grease was applied along the sides of the

pedestal and the top cap. A filter paper disc was placed on the

porous stone.

The sample was placed on the pedestal and a filter paper disc

saturated with water was placed on the top face of the sample.

The top cap was placed in position and a filter paper side drain

saturated with water was wrapped round the sample overlapping the

porous stone at the bottom end.	 A	 'fish-net'	 type side drain

was used for extension tests. A rubber membrane was placed

inside a membrane stretcher with the ends folded over and a

vacuum was applied through the opening by a suction pump to

stretch out the membrane.	 The vacuum was sustained by pressing a

finger over the opening while the membrane was slid over the sample
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slowly without touching it.	 The suction was released and the ends

of the membrane were slipped off the stretcher. Two rubber

0-rings were used to grip the membrane against the pedestal and

another two were used for gripping the membrane against the top

cap.	 The positions of the loading ram and the load cell were

adjusted to connect the top cap and the load cell. 	 The pressure

vessel was placed in position and filled with water.

Both radial stress and axial stress were adjusted to 30 kPa.

Zero readings for the strains were taken from the displacement

transducers.	 A test stage was started to increase the total

stresses isotropically from	 30 kPa	 to	 300 kPa	 with the

drainage valve between th 	 sample and the volume gauge remaining

closed.

5.12.2	 Pre-shearing and pre-probing

The sample was left at the isotropic total stress of 300 kPa

overnight for the pore pressures to reach equilibrium. The test

stage was stopped and the back pressure set to the same value as

the pore pressure. The base of the sample, the drainage passages

and the pore pressure transducer chamber were flushed using the same

procedures as described in Section 5.11.1. 	 The pore pressure

parameter B	 was measured by carrying out a test stage to

increase the total stresses isotropically by 	 50 kPa and observing

the change in pore pressure. 	 The sample was left for air to

dissolve and the value of B checked every 2 to 3 days until

a value of at least	 0.98	 was obtained.

A test stage was then performed to change the total stresses

isotropically so that the pore pressure became the required back

pressure which was kept constant throughout each test. The

drainage valve between the sample and the volume gauge was

opened.

For	 shearing tests	 TUL1	 to TUL L4, 	linear stress paths

illustrated in	 Figure 5.16	 were followed.	 At	 A, B, C	 and

D	 the stresses were automatically held constant and any

excess pore pressures were allowed to dissipate fully.
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For stress probing tests	 TUB1
	

and
	

TUL5, the samples were

swelled isotropically at	 2 kPa/hr
	

to isotropic states with

values of	 p'	 equal to	 125 kPa
	

and
	

200 kPa
	

respectively.

5.12.3	 Shearing and stress probing

Zero readings for strains were taken and current sample dimensions

were entered as test data for the next stage.

For undrained shearing, the drainage valve was closed.	 For

loading in compression,	 the axial stress was controlled to
''I

increase at	 3 kPa/hr	 and for loading in extension, the axial

stress was controlled to decrease at 	 2 kPa/hr .	 In both

cases, the radial stress was kept constant. When the rate of

change of axial strain reached	 0.1 % per hr	 in compression

tests and	 -0.1 % per hr	 in extension tests, loading was

changed, from stress control to axial strain control. 	 Strain

rates of	 0.1 % per hr	 and	 -0.1 % per hr	 were used for

compression and extension tests respectively.

For stress probing test	 TUB1, the drainage valve was left

open.	 A test stage was started with the specified effective

stress path	 A t B'	 and specified rate of loading along 	 A'B'

as shown in	 Figure 5.17.	 At the end of loading, the stresses

were automatically held constant to allow any excess pore pressures

to dissipate fully.	 The test stage was ended and the same

procedure was repeated for the specified stress path	 B'C'	 and

so on.

For stress probing test	 TUL5, the drainage valve was closed.

A test stage was started with the specified total stress path

AB and specified rate of loading along	 AB	 as shown in

Figure 5.18(a).	 At the end of the stress path, with the total

stress state at B ,	 the stresses were automatically held

constant to allow the pore pressures to reach equilibrium. 	 The

test stage was ended and the same procedure followed for the total

stress path	 BC.	 After the pore pressures reached equilibrium

at total stress state	 C , the corresponding effective stress

state was	 C' . The drainage valve was then opened and a test
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stage started with the specified effective stress path 	 C'D'	 and

specified	 rate of loading	 along	 C'D'	 as shown in

Figure 5.18(a).	 At the end of loading,	 the stresses were

automatically held constant and any excess pore pressures were

allowed to dissipate before the test stage was ended. 	 The same

procedure was repeated for the specified stress path 	 D'E'	 and

so on until stress path	 R t S' ,	 shown in Figure 5.18(b),	 which

was the last stress path specified for stress probing. 	 The

stress state	 S'	 represented	 the end of stress probing.

5.12. L 	Post-testing
'-I

For the shearing tests and stress probing test	 TUB1 , the

drainage valve and the valve to the bottom pressure chamber were

closed.	 The cell pressure was reduced to zero and the water

in the pressure vessel was emptied. 	 The top cap was

disconnected from the load cell and the sample was removed from

the membrane to have its water content determined. It was then

checked that the load cell and the pressure transducers were all

giving zero readings.

For stress probing test 	 TUL5, the sample was unloaded using

two test stages with the specified effective stress paths	 S'A'

and	 AtTt	 as shown in	 Figure 5.18(b).	 The same procedures

as those for the shearing tests and test	 TUB1	 were then

followed.

5.13	 Procedures for shear box tests

5.13.1	 Setting up

The two halves of the split box were fixed together by the

clamping screws and placed in position in the container. The

bottom platen followed by the bottom porous stone and the

bottom grid plate were placed in position. The sample was pushed

from the cutter into the box using the extruder. The top grid

plate followed by the top porous stone and the top platen were
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placed on top of the sample. 	 The grid plates were placed such that

the serrations were at right-angles to the direction of shear.

The loading yoke was set on top of the top platen.	 The dial

gauge was fixed in position and the reading noted. 	 Weights

which gave the intended vertical stress for compression were

placed on the hanger.	 Water was poured into the space between

the container and the box.

5. 1 3.2	 One-dimensional compression

•1

The weights were left on the hanger for the stresses in the sample

to reach equilibrium. When changes in the vertical dial gauge

readings became negligible the final reading was recorded.

5.13.3	 Shearing

Any slack in the horizontal loading system was taken up by

moving the screw jack towards the container manually. The two

clamping screws were removed and the lifting screws inserted

until they just came into contact with the lower half of the

box. The lifting screws were then rotated together for a

further half-turn to raise the top half of the box relative to the

bottom half. The horizontal dial gauge was fixed in position

and initial readings of the dial gauges were taken. The motor-

gear unit was switched on and all samples of Cowden till and

London clay were sheared at a constant rate of horizontal

displacement of	 0.59 mm/hr .	 The weights on the hanger were

left unchanged so that the effective vertical stress remained

constant at	 0vo'	 throughout shearing.

5.13.	 Post-shearing

The vertical stress was removed and the split box with the

sample in it was taken out of the container as quickly as

possible. The sample was removed from the box and its water

content determined.
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CHAPTER 6	 TEST RESULTS

6.1	 Introduction

This chapter presents the results obtained from the simple shear

tests, shear box tests and stress path tests. Data obtained

during one-dimensional compression are shown to an extent which

will allow normal compression lines and swelling lines and the

specific volumes before shearing to be determined. 	 The data for

shearing will allow the stress state and specific volume at any

point during shearing to be calculated.	 No analysis of the

results will be given in this chapter.

6.2	 Classification tests

Results of the measurement of unit weight j , water content	 w

plastic limit	 PL , liquid limit	 LL , plasticity index 	 P1

clay fraction, activity	 A	 and: specific gravity	 C s	 are

shown in Table 6.1. Each value Of unit weight is obtained by

taking the average of the unit weights of all undisturbed

simple shear samples and each value of water content is obtained

by taking the average of the water contents of the trimmings of

all undisturbed simple shear samples. 	 Results of the particle

size distribution tests are shown in 	 Figures 6.1(a) and (b).

6.3	 One-dimensional compression

Results of one-dimensional compression and swelling obtained from

the simple shear tests, shear box tests and stress path tests

will be given in this section.	 For the simple shear and shear

box data which are plotted on	 ln cT ' , V	 plane,	 all points

correspond to states of compression which had reached equilibrium

with zero excess pore pressure.	 For the triaxial data,

however,	 the data points plotted	 on	 in p' , v	 plane

represent the relationship between specific volume and the
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observed effective stress	 p - u0 .	 The changes in specific

volume, at the end of the constant stress rate loadings, due to

dissipation of excess pore pressures	 are also shown.

6.3.1	 Cowden till

The results for remoulded, reconstituted and undisturbed simple

shear samples are given in	 Figures 6.2(a) to (c). For samples

MCi	 to MC8	 and	 CC1 to CC8	 the specific volumes at

388 kFa	 and at	 before shearing are shown.	 For

samples MC9 , MC1O an	 CC9	 states obtained during normal

compression are shown and for sample CC1O 	 states obtained during

normal compression and then swelling are shown.	 For samples UC1

to UC12	 specific volumes at	 before shearing are plotted.

For samples UC9 and IJC1O 	 states obtained at stresses lower than

are also shown.

The results for remoulded and undisturbed shear box samples are

given in Figures 6.3(a) and (b). All data points are states of

the samples before shearing.

6.3.2	 London clay (brown)

The results for remoulded and undisturbed simple shear samples

are given in	 Figures 6.'(a) and (b).	 For samples	 N31 to MB8

the specific volumes at	 388 kPa	 and at	 are

shown.	 For sample M39	 states obtained during normal

compression are shown and for sample MB1O 	 states obtained

during normal compression and then swelling are shown. 	 For

samples	 UB1 to UB1O states at	 are shown and for

samples UB1 , UB2 , UB3 , U85 , UB6 , UB9	 and	 UB1O states

obtained at stresses lower than 	 are also shown.

The results for remoulded and undisturbed shear box samples are

given in Figures 6.5(a) and (b). For the undisturbed samples the

data points represent states at
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6.3.3.	 London cla y (blue)

The results for remoulded and undisturbed simple shear samples

are given in Figures 6.6(a) and (b).	 For samples	 ML1 to ML8

the specific volumes at	 cry'	 388 kPa	 and at	 o'	 are

shown and for samples	 ML9	 and ML1O	 states obtained during

normal compression are shown. 	 For samples	 TiLl	 to	 IJL1O

states at	 o'	 are shown and for sample 	 UL9	 states

obtained at stresses lower than 	 are also shown.

The results for reconstituted triaxial samples are given in

Figures 6.7(a) and (b). In Figure 6.7(b), for the compression of

each sample, at the end o? loading both the state when loading has

just stopped and the state when the excess pore pressures have

dissipated fully are plotted. For the swelling of each of samples

TCL2 , TCL3 , TCL7 and TCL8 , at the end of unloading both the

state when unloading has just stopped and the state when the

excess pore pressures have dissipated fully are plotted.

6.3.4	 ormal compression lines and swelling lines

For the results obtained from remoulded and reconstituted simple

shear and shear box samples (Figures 6.2(a) and (b), 	 6.3(a),

6.4(a), 6.5(a) and 6.6(a)),	 curves which give the best fit of

the data points have been drawn.	 The straight portions of the

curves joining the points obtained during normal compression are

taken as normal compression lines.	 Straight lines have been used

as swelling lines.

On the plots of results for the undisturbed simple shear and shear

box samples (Figures 6.2(c), 6.3(b), 6.4(b), 6.5(b) and 6.6(b)), the

broken lines are the normal compression lines for remoulded

samples of the same material tested in the same apparatus. 	 It

is assumed that these broken lines are the normal compression

lines of the undisturbed samples. 	 Straight lines which give the

best fit of the data points have been drawn as swelling lines.

For the results	 from	 reconstituted triaxial samples
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(Figure 6.7(b)), a curve which follows the pattern of the data

points obtained during compression and gives the best fit of the

points corresponding to zero excess pore pressure has been drawn.

The linear portion of this curve is taken as the normal compression

line. A straight line which follows the slope of' the data

points obtained during swelling and gives the best fit of the

points corresponding to zero excess pore pressures has been drawn

as the swelling line.

A summary of the values of' the compression and swelling

parameters obtained for the various materials in the various

apparatus is shown in 'able 6.2.

6.4	 One-dimensional consolidation

Results of one-dimensional consolidation obtained from the simple

shear apparatus will be given in this section.	 The values of

the coefficient of volume compressibility 	 m y	 were calculated

using Equation (2.88).	 The value of the coefficient of

consolidation	 were determined using the J(time) curve

fitting method described in Section 2.5.2 and the values of the

coefficient of permeability	 k	 were	 calculated	 using

Equation (2.87).

6.4.1	 Cowden till

The results for remoulded and undisturbed samples are given

in Table 6.3.	 An example of the variation of the average

degree of consolidation	 with	 .J(tirne)	 is given in

Figure 6.8(a).

6.4.2	 London clay (brown)

The results for remoulded and undisturbed samples are given

in	 Table 6.4.
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6.4.3	 London clay (blue)

The results for remoulded and undisturbed samples are given

in Table 6.5.	 An example of the variation of	 with

J(time) is given in	 Figure 6.8(b).

6.5	 Simple shear tests

Summaries of the states before shearing and the type of shearing

performed for each sample are given in Tables 6.6 and 6.7. 	 The

values of the specific volume before shearing 	 v0	 were taken
from the normal compression lines and swelling lines already

described in	 Section 6.3.4.

6.5.1	 Cowden till

Figures 6.9(a) to (g) show the basic data for the remoulded

samples, Figures 6.10(a) to (g) show the basic data for the

reconstituted samples and Figures 6.11(a) to (h) show the basic

data for the undisturbed samples.

6.5.2	 London clay (brown)

Figures 6.12(a) to (d) show the basic data for the remoulded

samples and Figures 6.13(a) to (g) show the basic data for the

undisturbed samples.

6.5.3	 London clay (blue)

Figures 6.14(a) to (d) show the basic data for the remoulded

samples and Figures 6.15(a) to (g) show the basic data for the

undisturbed samples.
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6.6	 Shear box tests

A summary of the states before shearing for each sample is

given in Table 6.8.	 The values of the specific volume before

shearing v0	were taken from the normal compression lines and

swelling lines already described in Section 6.3.4.

In calculating the shear stresses	 and normal stresses

the current areas of the sample between the two halves

of the box were used.

6.6.1	 Cowden till

Figure 6.16 shows the basic data for the undisturbed samples.

Figure 6.16(a) shows the shear stress	 against horizontal

displacement	 dh	 curves and	 Figure 6.16(b)	 shows the vertical

displacement	 d	 against horizontal displacement	 dh	 curves.

Figures 6.17(a) and (b) show the basic data for the remoulded

samples.

6.6.2	 London clay (brown)

Figures 6.18(a) to (h) show the basic data for the undisturbed

samples and Figures 6.19(a) and (b) show the basic data for the

remoulded samples.

6.7	 Stress path tests on samples with 38mm diameter

6.7.1	 London clay (blue)

A summary of the states before undrained shearing of the

reconstituted samples and whether the sample was sheared in

compression or extension is given in 	 Table 6.9.	 The values
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of the specific volume before shearing v0 were taken from

the normal compression line and swelling line described in

Section 6.3.4.

Figures 6.20(a) to (e)	 show the basic data.	 The values of

which remained constant throughout shearing are shown in

Figures 6.20(a) and (c).

6.8	 Stress path tests on samples with 100 mm diameter

6.8.1	 London clay (brown and blue)

A summary of the states before undrained shearing of the

undisturbed samples and whether the sample was sheared in

compression or extension is given in Table 6.10. A summary of

the states before probing of the undisturbed samples and

whether the probe was drained or undrained is given in

Table 6.11.	 In both Tables 6.10 and 6.11 	 the values of the

specific volume before loading v0 were values back

calculated from the water contents measured after testing as

described in Section 5.12.4.

For the undrained shearing tests, the basic data are shown in

Figures 6.21(a) to Ce).	 Figures 6.21 (a) and Cc)	 show the values

of	
0r	 which remained constant throughout shearing.

For probing	 test	 TUB1,	 the	 basic data are shown in

Figures 6.22(a) to (j) 	 and	 Figure 6.24(a).	 A back pressure of

200 kPa	 was used throughout this test.

For probing	 test TUL5,	 the	 basic data	 are shown in

Figures 6.23(a) to (j) 	 and	 Figure 6.24(b).	 In	 Figure 6.23(a)

the variation of	 u	 against	 E	 for the undrained probe

AC	 is also shown.	 A back pressure of	 200 kPa	 was used

for the drained probes	 A'E'	 to	 A'S'.
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CHAPTER 7	 ANALYSES AND DISCUSSIONS

7.1	 Introduction

In this chapter the test results presented in Chapter 6

will be analysed using the basic theory outlined in Chapter 2.

The purpose is to advance the current state of knowledge on

soil behaviour under simple shear and triaxial loading.

Discussions will focus on one-dimensional compression, critical

states, state paths and stiffnesses.

7.2	 Discussion on classification test results

7.2.1	 Cowden till

The average unit weight of the undisturbed simple shear

samples given in	 Table 6.1	 as	 21.5 kN/m 3	is close to the

range of unit weights of 	 21.6 to 22.0 kN/m 3	obtained by

BRE described in Section 4.4.1. 	 The average water content of

the undisturbed simple shear samples	 given in	 Table 6.1	 as

14.9 %	 is within the range of water contents of 	 14 to 18 %

for the undisturbed triaxial samples tested by 	 Gens and

Hight (1979)	 described in Section 3.5.1 	 and it is also close to

the water contents given by	 Marsiand and Powell (1985) in

Figure 4.10.	 The plastic limit and liquid limit of 	 16 and

34	 respectively given in 	 Table 6.1	 are very close to the

plastic and liquid limits of	 16 and 32	 obtained by	 Gens

and Hight	 shown in Figure 3.24(a). 	 For the typical profile

obtained by	 BRE	 shown in Figure 4.10, at depths between	 3

and 17 m	 the plastic limit varies between	 11 and 20	 and the

liquid limit varies between 33 and 38 and so the plastic

and liquid limits obtained in this study lie within these

ranges of values obtained by BRE. The Clay fraction by weight

given in	 Table 6.1	 as	 33 %	 agrees with the value of	 30 %

estimated by	 BRE	 in Section 4.4.1.	 A comparison of the

grading curves obtained by the author, by BRE and by Gens and

Hight is shown in Figure 7.1.	 The results obtained by the
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author lie within the envelope for the BRE results.

It can be concluded that the classification test results for the

samples used in this study are similar to those obtained by BRE

and Gens and f-light. The unit weights and water contents

indicated that the states of the undisturbed samples used in

this study are similar to the others and the Atterberg limits

and the grading curves suggested that the mineralogy of the clay

and the particle size distribution of the samples used in this

study are also similar to the others. The similarity exists

because the samples used by the author, by BRE and by Gens and

Hight were all from the same test bed site which has a uniform

composition.

7.2.2	 London clay (brown)

The average unit weight of the undisturbed simple shear

samples given as	 19.1 RN/rn 3	in	 Table 6.1	 lies within the

range of unit weights of 18.6 to 19.6 kM/rn 3 obtained by BRE

described in Section 4.4.2 and it also lies within the range of

18.8 to 20.1 RN/rn 3 for the various sites shown in Table 3.2.

The average water content of the undisturbed 	 simple shear

samples	 given as	 29.6 %	 in	 Table 6.1	 is close to the

values obtained by Powell and Uglow (1986) in	 Figure 4.12.	 The

plastic limit of 32	 given in Table 6.1	 is just outside the

range of plastic limits of	 23 to 29	 for the brown clay

down to 9 m depth in the typical profile obtained by 	 BRE

shown in Figure 4.12.	 It is also just outside	 the range of

27 to 30	 for the various sites shown in	 Table 3.2.	 The

liquid limit of	 72	 given in Table 6.1	 is within the range

of	 71 to 85	 in	 Figure 4.12 and is also within the range

of	 63 to 95	 in Table 3.2.	 The clay fraction by weight of

64 %	 given in Table 6.1	 is within the range of	 55	 to

65 %	 obtained by BRE as described in Section 4.4.2 and is

also within the range of	 48 to 64 %	 for the various sites

shown in Table 3.2.

It can be concluded that the results obtained in this study are

similar to those obtained by BRE and that the grading and
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mineralogy of' the brown Londor

is typical of London clay

everywhere.

r clay at the BRE test bed site

which is essentially uniform

7.2.3	 London clay (blue)

The average unit weight of the undisturbed simple shear

samples given as	 19.7 kN/m 3	in	 Table 6.1	 lies just outside

the range of unit weights of'	 18.6	 to	 1 9.6 kN/m 3	obtained

by	 BRE	 described in Section 4.4.2	 and it lies within the

range of'	 18.8	 to	 20.1 kM/rn 3	 for the various sites shown

in Table 3.2.	 The averae water content of the undisturbed

simple shear samples given as 	 26.0 %	 in Table 6.1	 is close

to the values obtained by	 Powell and Uglow (1986)	 in

Figure 4.12.	 The plastic limit of	 26	 given in	 Table 6.1

lies within the range of' plastic limits of' 22 to 29	 for the

blue clay	 between	 9 m and 22 m	 depth in the typical

profile obtained by	 BRE	 shown in Figure 4.12.	 Also, it lies

just outside the range of	 27 to 30 for the various sites

shown in	 Table 3.2 .	 The liquid limit of'	 71	 given in

Table 6.1	 is	 within	 the	 range	 of'	 65	 to	 77	 in

Figure 4.12 and is also within the range	 of 63 to	 95	 in

Table 3.2.	 The clay fraction by weight of' 59 % given in

Table 6.1	 is within the range of 55 	 to 65 % obtained by

BRE	 as described in Section 4.4.2 and is also within the range

of'	 48 to 64 %	 for the various sites shown in Table 3.2.

It can be concluded that the results obtained in this study

are similar to those obtained by BRE and that the grading

and mineralogy of' the blue London clay at the BRE test bed

site is also typical of London clay.

7.3	 Discussion on one-dimensional compression

7.3.1	 Cowden till

For the results of' the remoulded and reconstituted samples,
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shown in Figures 6.2(a) and (b) and 6.3(a), the curves which give

the best fit of the data points give a close fit for all

points.	 At any particular value of	 0v'	 the maximum

deviation of the data points from the best fit curves is 	 0.016

in specific volume.	 Samples MCi to MC1O	 which were all

normally compressed to	 388 kPa	 have a scatter in

specific	 volume of	 between	 1.460	 and	 1.491	 at

388 kPa.	 Samples	 CC1	 to CC1O	 which were also

compressed to	 388 kPa	 have a scatter in specific volume of

between 1.505 and 1.529. The scatter of the data points

for the undisturbed samples in Figures 6.2(c) and 6.3(b) are

larger due to the more variable nature of undisturbed samples.

The maximum deviations from the best fit lines in specific

volume	 are	 0.020	 in	 Figure 6.2(c)	 and	 0.036	 in

Figure 6.3(b).

For the normal compression curves of the remoulded and

reconstituted simple shear samples (Figures 6.2(a) and (b)), at

lower stresses before the straight line portions are reached,

the curve for the reconstituted samples curves upwards due to

the higher specific volume used during sample preparation and

the curve for the remoulded samples curves downwards due to the

lower specific volume used during sample preparation. A

comparison of the three normal compression curves shown in

Figures 6.2(a) and (b) and 6.3(a) is given in Figure 7.2(a). 	 As

Table 6.2	 indicates, the values of 	 and	 N3 , Nb	 for

the three normal compression lines differ only slightly and

Figure 7.2(a)	 shows that the three lines are converging as the

effective vertical stress increases. During one-dimensional

compression the boundary conditions in the shear box are the

same as those in an oedometer with rigid vertical boundaries

while	 in the	 NOl	 simple shear apparatus the reinforced

membrane may deform slightly radially as discussed in

Appendix C. However, Figure 7.2(a) shows that the results

obtained from the simple shear apparatus are similar to those

obtained from the shear box.

In Figure 6.2(b) the data points obtained during swelling for

sample CC1O suggest that although the linear swelling line

gives a good fit of the points, the exact path followed by the
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points is slightly curved.	 Table 6.2	 shows that the values of

IC5	 obtained in the simple shear apparatus for the	 remoulded,

reconstituted and undisturbed samples range between 	 0.010	 and

0.020	 but the value of IC b	 obtained in the shear box for the

undisturbed samples is at a higher value of 0.045. However,

the data points for the undisturbed shear box samples

(Figure 6.3(b)) are too scattered for accurate determination of

the value of

It can be concluded that the behaviour of Cowden till during

one-dimensional compression and swelling is governed by

Equations (2.75) and (2.76)	 for simple	 shear	 tests and by

equivalent equations fo	 shear box tests.	 The different

methods of sample preparation used and the different testing

equipment used gave similar values for the parameters 	 ,

and	 N5 , Nb	 for compression and	 K5 , it	 for swelling.

7.3.2	 London clay (brown)

For the	 results of the	 remoulded	 samples,	 shown in

Figures 6.4(a) and 6.5(a), the best fit curves give a close fit

of the data points.	 At any particular value of	 °Y	 the
maximum deviation of the data points from the best fit curves

is	 0.032	 in specific volume.	 Samples	 MB1	 to	 MB1O

which	 were all normally compressed to	 °'	 388 kPa	 have

a scatter in specific volume of between	 1.886 and	 1.957

at	 388 kPa.	 The scatter of the data points for the

undisturbed samples in	 Figures 6.4(b) and 6.5(b) 	 are much

larger.	 The maximum deviations from the best fit lines in

specific volume are	 0.095	 in Figure 6.4(b) and	 0.070	 in

Figure 6.5(b).

A comparison of the two normal compression curves shown in

Figures 6.4(a) and 6.5(a)	 is	 given in	 Figure 7.2(b).	 As

Table 6.2	 indicates the values of 	 '	 and	 N	 1b
for the two normal compression lines are very close and

Figure 7.2(b) shows that the two lines are converging as the

stresses increase.
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The data points obtained during swelling of 	 sample MB1O in

Figure 6.4(a) and during swelling of sample BMB4 in

Figure 6.5(a) indicate that although the linear swelling lines

give good fits of the points, the exact paths followed by

the points are slightly curved. 	 Table 6.2	 shows that the two

values of	 /z s 	 for the remoulded samples are close to

each other but the values of 	 for the undisturbed

samples are higher.	 However, the data points for the

undisturbed samples (Figures 6.4(b) and 6.5(b)) are too scattered

for accurate determination of	 /C5 , k	 values.

It can be concluded that the behaviour of the brown London clay

during one-dimensional copression and swelling are described by

Equations (2.75) and (2.76)	 for simple shear tests	 and by

equivalent equations for shear box tests. 	 The values of the

parameters	
b	 and	 N5 , N	 for compression and

for swelling obtained from the NGI simple shear

apparatus and the shear box for the remoulded samples are very

similar.

7.3.3	 London clay (blue)

For the results of the remoulded samples, shown in Figure 6.6(a)

the best fit curves give a close fit of the data points.	 At

any particular value of	 °/ ,	 the maximum deviation of the
data points from the best fit curves is	 0.016	 in specific

volume.	 Samples	 ML1	 to 1L10 were all normally compressed

to	 O\r'	 388 kPa	 and the scatter in specific volume is

between 1.846 and	 1.885	 at	 Ovt	 388 kPa.	 The scatter of

the data points for the undisturbed samples in 	 Figure 6.6(b)

is very large with a maximum deviation from the best fit line of

0.080 in specific volume. 	 Table 5.5 shows that samples 	 UL8

to UL1O	 which have higher specific volumes were from different

sample tubes as samples	 UL1 to	 UL7 .	 In Figure 6.7(a),	 at

any particular value of	 p'	 the maximum scatter of the data

points in the value of	 q'	 are	 10 kPa	 during	 K0

compression and	 20 kPa	 during	 K0 swelling.	 In Figure 6.7(b)

at any particular value of 	 p'	 the maximum scatter of' the

data points in specific volume are	 0.020	 during	 K0
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compression and	 0.026	 during	 K0	swelling.

During K0 compression of the reconstituted samples the total

stresses were increased at a constant rate so that the pore

pressures in the samples were greater than the steady state

pore pressures measured at the sample base. 	 At the end of

loading when the total stresses were held constant, the excess

pore pressures	 dissipated and the resulting changes in

specific	 volumes	 are	 shown	 in	 Figure 6.7(b).	 The

relationship between this change in specific volume and the

average excess pore pressure	 ii	 has been given by

Atkinson (1984b) as	 D z' -(p'v)/A .	 For example, for test

TCL5 , at the end of loading the values of 	 v	 and	 p'	 are

given in Figure 6.7(b) as	 -0.008	 and	 445 kPa respectively

and as shown in Table 6.2,	 A	 is	 0.192,	 hence,	 giving

19 kPa.

In order to compare the two normal compression curves shown in

Figures 6.6(a) and 6.7(b),	 the normal	 compression line	 in

Figure 6.7(b)	 which is plotted on	 ln p t , v	 plane will be

plotted on	 ln crv t , v	 plane.	 The relationships between the

parameters	 and the parameters	 A , N 0	have been

given in Equations (2.81) and (2.83). 	 The value of	 K0	 is

shown in Figure 6.7(a) as	 0.57 and the values of A	 and

are given in Table 6.2	 as	 0.192 and 3.037	 respectively.

Substituting these values into	 Equations (2.81) and (2.83), the

values of	 and	 for the normal compression line of' the

reconstituted samples are	 0. 1 9 2 and	 3.102	 respectively.	 The

two normal compression curves are plotted together on

ln 0v' , v	 plane in	 Figure 7.2(c).	 At relatively low

stresses the curve for the 	 reconstituted samples lies well

above the curve for the remoulded samples.	 This is because a

much higher specific volume	 was used for the reconstituted

samples during sample	 preparation.	 But, as the stresses

increase the two curves converge.

The data points obtained during
	

K 0	swelling of samples

TCL2 , TCL3 , TCL7	 and	 TCL8	 in
	

Figure 6.7(b) show that the
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exact paths followed by the points are linear except for the

initial portions of the paths.	 Since the reconstituted samples

were tested in the stress path testing equipment, during	 K0

swelling both effective horizontal and vertical stresses were

known and the values of	 K0	 can be calculated.	 The

variation of'	 K0	 with	 OCR	 will be discussed later.

It can be concluded that the behaviour of the blue London clay

during one-dimensional compression and swelling is governed by

Equations (2.75) and (2.76)	 for simple shear tests and by

Equations (2.73) and (2.74) for triaxial tests. The normal

compression line for the reconstituted samples lie above the

normal compression line for the remoulded samples on

in o' , v	 plane but the two lines converge as stresses

increase.

7.4	 Discussion on one-dimensional consolidation

7.4.1	 Cowden till

The values of the coefficient of consolidation c	 obtained

from the remoulded and undisturbed simple shear samples, shown

in Table 6.3, range from 24 x 10 to 269 x 10 m2is

with the values for the undisturbed samples higher than those

for the remoulded samples. The range of values of 32 x 10

to	 476 x 1O	 m2/s	 measured from undisturbed oedometer

samples from the same site by	 BEE, described in Section 4.4.1,

is similar.	 The values of the coefficient of permeability 	 k

obtained, shown in Table 6.3, range from 	 21 x io_12	 to

472 x io2 m/s .	 This is similar to the range of values of

9 x io 2	 to	 381 x io12 rn/s	 measured by	 BEE	 described

in Section 4.4.1.

It can be concluded that the range of values of c and k

for Cowden till measured from remoulded and undisturbed simple

shear samples are similar to those measured from undisturbed

oedometer samples taken from the same site.
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7.4.2	 London clay (brown)

The values of	 Cv	 obtained from the remoulded and undisturbed

simple shear samples,	 shown in	 Table 6.4,	 range from

6 x 10	 to	 31 x 10	 m2/s .	 The range of values of

7 x io-	 to	 50 x io-	 m2/s	 measured from undisturbed

oedometer samples from different sites by 	 Skempton and

Henkel (1957),	 described in	 Section 3.5.2, is similar.	 The

values of	 k	 obtained,	 shown in Table 6.4,	 range from

6 x io 12	 to	 74 x io 12 rn/s .	 The value of'	 30 x 10	 m/s

measured from	 undisturbed oedometer samples from the same site

by	 BIE,	 described in	 Section 4.4.2, falls within this range.

12	 12The range of	 2 x 10 -	to	 30 x 10	 m/s	 reported by

Skempton and Henkel in Section 3.5.2 	 is also similar.

It can be concluded that the range of values of c, and k

for brown London clay measured from rernoulded and undisturbed

simple shear samples are similar to those measured from

undisturbed oedometer samples taken from various sites. Hence,

the range of values obtained in this study are typical values

for London clay.

7.4.3	 London clay (blue)

The values of'	 c,	 obtained from the rernoulded and undisturbed

simple shear samples,	 shown in Table 6.5,	 range from

6 x 10	 to	 48 x 10	 m2/s .	 The range of values of

7 x io 9	 to	 50 x	 m2/s	 measured by	 Skempton and

Henkel,	 described in	 Section 3.5.2,	 is very close.	 The

values of	 k	 obtained, shown in Table 6.5,	 range from

lOx io_12	 to	 63	 i o 2 rn/s .	 The	 value	 of

30	 io_12 rn/s	 measured from samples taken from the same

site by	 BRE, described in	 Section 4.4.2, is within this

range.	 The range of	 2 x io_12	 to	 30 x io_12 rn/s

reported by Skernpton and Henkel in 	 Section 3.5.2	 is also

similar.

It can be concluded that the range of values of 	 and	 k

for blue London clay measured from rernoulded and undisturbed
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simple shear samples are similar to those measured from

undisturbed oedometer samples taken from various sites. Hence,

the range of values obtained in this study are typical values

for London clay.

7.5	 Critical states in shear tests and triaxial tests

7.5.1	 Identification of critical and peak states

The	 concept of	 critical	 state	 has been	 discussed in

Section 2.5.3. Figures 2.2 to 2.24 show that at critical state

the soil shears at a constant ratio of shear stress to

normal stress and there are no changes in stresses and

specific volume.	 The variation of	 stress ratio	 with shear

strain for all tests reported in this study, except for the

stress probing tests TUB1 and 	 TUL5 , have been plotted in

Figures 7.3 to 7.15.	 To determine whether the samples sheared

at constant stresses and specific volume the results plotted

in	 Figures 6.9 to 6.21	 were used.

Although in theory the state of a soil shearing at critical

state is constant, in practice, there may be very slight

changes in the state measured due to, for example, inaccuracies

in measurements discussed in 	 Sections 5.3 to 5.6, limitations of

the apparatus discussed in 	 Section 3.3	 and	 dissipation of

excess pore pressures discussed in Appendix B. 	 In this study

a simple shear or shear box sample is considered to have

reached critical state when it satisfies the following

conditions for at least 	 5 %	 shear strain before the end of

test

(1) The ratio	 (t 'Ia- ')	 does	 not	 change	 by	 moreV V cs

than	 0.02	 which corresponds to	 1°	 of the angle

cs

(2) the stress	 ( ')	 does not change by more than
V Cs

10 kPa ;	 and
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(3)	 the stress	 (o\,')	 does not change by more than

20 kPa	 for constant volume tests or the volumetric

strain does not change by more than	 0.5 %	 for

constant	 tests.

In condition (3) the allowance for changes in	 (o,')	 is

larger than that for	 vcs	 in condition (2)	 because

	

v'cs	 could have been affected by the dissipation of excess

pore pressures.	 According to Equation (E.7)	 the dissipation

of an excess pore pressure of 20 kFa 	 will result in a change in

volumetric strain of the order of	 0.5 % .	 Examples of

samples which do not satisfy	 condition ( 1)	 are	 samples CC5

to CC8 .	 Figure 7.4(c) shows that for the last	 5 %	 change

in	 '	 the ratio	 V"V'	 for these tests increases by

about 0.03 .	 An example of a sample which satisfies

condition (1)	 but not	 condition (2)	 is	 sample	 13B5

Figure 7.7(b)	 shows that for the last 	 5 %	 change in

the	 ratio	 '/1o\,'	 changes by less than 0.02	 but

Figure 6.13(c)	 shows	 that	 v'	 decreases	 by	 more than

10 kPa . The peak tv/Ov states and critical states for

all simple shear samples and shear box samples are tabulated

in Tables 7.1 to 7.5.

For triaxial tests a sample is considered to have reached

critical state when it satisfies the following conditions for

at least	 5 %	 shear strain before the end of test

(1) The ratio
	

(q'/p')	 does not change by more than

0.04 which corresponds to 	 10	 of the angle	 0cs'

(2) the stresses	 q' and	 u	 do not change by more than

10 kPa

Since all triaxial tests performed were undrained tests no

dissipation of excess pore pressures was allowed. 	 In

addition, it is illustrated in	 Figures 2.23 and 2.24 	 that if an

overconsolidated sample reaches critical state its value of

q'/p'	 will become the same as that for the normally

consolidated samples. 	 For example, samples 	 TCL7	 and	 TCL8
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are considered not to have reached critical state because

although	 Figures 6.20(d) and (e) and 7.14	 show	 that

conditions (1) and (2) are satisfied, Figure 7.14 	 shows that the

final	 q'/p' ratio of these samples are different to 	 (q'/p')

for the normally compressed samples TCL6 , TCL9 and TCL1O

The peak	 q t /p'	 states and critical states for all triaxial

samples are tabulated in Tables 7.6 and 7.7

The critical states for the simple shear tests are plotted on

the Ov' ' plane in Figures 7.16 to 7.19 . The lines

joining the critical states are best fit lines for the

experimental results. 	 I	 Figure 7.16	 the critical states for

remoulded and for reconstituted samples are plotted together

and in	 Figures 7.18 and 7.19 	 the critical states for brown

arid blue London clay samples are plotted together. This is

because there is very little difference between the remoulded

and reconstituted samples and between the brown and blue

London clay.

The critical states for constant 	 tests and for constant

volume tests are plotted separately because even for samples

with same	 OCR	 and same pre-shearing state	 the value of

Pcs'	 obtained for the two different types of tests are
distinctly different.	 For instance,	 Figures 7.6 and 7.8	 show

that the normally compressed samples 	 MB1 , ML1	 and	 ML9

which were sheared at constant	 reached critical states

with	 tan Pcs'	 close to	 0.26	 but the normally compressed

samples MB5 and NL5 which were sheared at constant volume

reached critical states with	 tan	 close to	 0.35

Further analysis on this will be given in 	 Section 7.5.2.

Conventionally, the results in 	 Figures 7.16 to 7.19	 would be

interpreted as evidence of the failure of soils governed by

the	 Mohr-Coulomb criterion	 represented by	 Equation (2.98)

which states that soil has cohesive strength.	 An example of

such an interpretation of results of shear box tests can be

seen in Figure 3.31.	 This conventional interpretation is

considered to be incorrect in this study. 	 Instead, it is

suggested above that the critical states in	 Figures 7.16 to

7.19	 lie	 on	 critical	 state	 lines	 represented	 by
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Equation (2.97) which states that the strength of soil is

purely frictional.

Figures 7.16 to 7.19	 demonstrate	 that for remoulded and

reconstituted samples different values of	 are obtained

for samples with different	 OCR and for undisturbed	 samples

different values of	 Pcs'	 are obtained for samples with

different pre-shearing states. 	 A theoretical relationship

between	 cs'	 and	 which is a function of OCR	 has

been proposed in Section 2.5.3. 	 A comparison between the

predictions of this theoretical relationship and the experimental

results will be given	 in	 Section 7.5.3.	 A	 proposed

representation of the	 ritical state line on the	 o/ , V

plane	 for	 simple	 shear	 tests	 has	 been	 given	 in

Section 2.5.3.	 The proposed representation will be compared

with experimental results in 	 Section 7.5.3.

The peak	 q'/p'	 states and critical states for the triaxial

tests are plotted on	 pt , q'	 plane and on	 in p' , v

plane in	 Figures 7.20 and 7.21.	 Figure 7.20	 shows that for

each of compression and extension a unique	 critical state

line	 described	 by Equations (2.93) and (2.94)	 exists.	 In

Figure 7.20(a) the values of 	 N	 for compression and extension

are	 0.87	 and	 0.78	 respectively.	 From	 Equations (2.95a)

and (2.95b)	 the	 values of	 0cs'	 for compression	 and
extension are	 22°	 and	 26°	 respectively.	 These are close

to the values of	 0cs' z 22 0	 for compression and	 24°

for extension obtained by	 Atkinson et al (1984)	 described in

Section 3.5.2.	 In	 Figure 7.20(b)	 the	 critical	 states for

compression and extension fall close to the same line. 	 The

value of	 I'	 is	 2.945	 and the value of ).	 is	 0.185

which is close to the value of	 ?,	 0.192	 for the normal

compression line given in Table 6.2. In Figure 7.21 the

critical state lines are those obtained from the reconstituted

samples and are plotted as references for the peak states of

the undisturbed samples.

In this section, critical states and peak states have been

identified for simple shear, shear box and triaxial samples.

For simple	 shear tests the critical state lines on the
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plane	 are described by	 Equation (2.97).	 The

values of	 Pcs'	 are dependent on	 OCR	 and on whether the

sample was sheared under constant	 or constant volume

condition.	 For triaxial tests the results are in agreement

with the critical state theory.	 For each of compression and

extension	 a unique	 critical	 state line	 described	 by

Equations (2.93) and (2.94) 	 exists and the values of the soil

parameters	 M , r	 and ?	 have been obtained.

7.5.2	 Difference between constant crt and constant volume

simple shear tests

In section 7.5.1	 it. is found that the values of

obtained from constant Ov	 tests and from constant volume

tests are significantly different.	 Simple shear tests

performed on kaolin by Airey (1984) described in 	 Section 3.3.1

showed	 the same	 behaviour.	 It can be	 deduced	 from

Figures 3.9(b) and (c)	 that the values of tarbpCS'	 at the sample

core for constant	 0v'	 shearing and constant volume shearing

are 0.28 and 0.39 respectively.

It is concluded in Section 3.3.2 that the most suitable method

for estimating the stress states	 of normally compressed clay

samples tested in the 	 NGI	 simple shear apparatus is by

using Equation (3.4) 	 with the relationship between	 k	 and

0cs'	 as shown in	 Figure 3.20.	 For London clay, using

0cs'	 22°	 as described in	 Section 7.5.1	 the value of	 k

is given by Figure 3.20 	 as	 0.42 .	 Substituting k	 0.42

into Equation (3.4) 	 the variation of	 e	 during shearing

of the normally compressed remoulded brown London clay samples

MB1 and MB5	 are plotted in	 Figure 7.22.	 The values of'	 9cs

for tests	 M81 and	 MB5	 are	 33°	 and	 390	 respectively.

The values of	 9	 for strain increments in	 Figure 7.22 were

calculated by Equations (2.48) and (2.50). It can be seen that

coaxiality does not apply at any stage during shearing in

both types of tests and the pattern of behaviour shown in

Figure 7.22(a) is similar to that for kaolin obtained by
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Bonn (1973)	 shown in	 Figure 3.15.

Using the relationships for the parameters 	 P'	 and
given in	 Section 2.3.1 , the Mohr's circles of stress

at critical state for remoulded brown London clay samples

have been plotted in	 Figure 7.23 .	 The value of	 is

22° and the values of	 (o' ,	 were taken from

Table 7.2.	 In	 Section 2.3.1	 it	 is	 stated	 that

Equations (2.34) to (2.36b) apply if 	 K0 < 1	 before shearing and

Equations (2.37) to (2.39b) apply if 	 K 0 > 1	 before shearing.

The variation of	 K0	 with	 OCR	 will be given' in

Section 7.5.3.	 For London clay samples with	 OCR	 equal to

1	 and	 2	 the vali?es of	 K0	 are	 0.57 and 0.80

respectively.	 Also, Figure 7.22	 suggests that	 was

much less than	 90° +	 •	 Hence, Equation (2.36a)	 was

applied for drawing the Mohr's circles in Figure 7.23. 	 For

samples	 M83 and MB7	 which have an	 OCR	 equal to	 4	 the

value of	 K0	is	 1.08 .	 For samples with	 K0	close to	 1

it is not entirely	 certain which set of equations apply

without knowing how the stresses developed during shearing.

For test	 MB1 ,	 Figure 7.23(a) shows that 	 Equation (2.36a)

gives	 9cs	 30°	 compared with	 33°	 given by

Equation (3.4) ' in	 Figure 7.22(a).	 For	 test	 M35

Figure 7.23(b)	 shows that	 Equation (2.36a)	 gives

compared with	 39°	 given by	 Equation (3.4)	 in

Figure 7.22(b).	 Hence, there is a close agreement between

the two methods for estimating the stress state at critical

state.	 Figure 7.23 shows that the values of	 for the

constant volume	 tests are significantly higher than the

values of	 for the constant	 tests.	 The effect

of	 ecs	 on the value of	 p5'	 will be discussed later in

this section.

Using	 Equations (3.5) and (3.6)	 which	 are	 based	 on

Equation (3.4)	 the Mohr's circles of' stress for tests tiB1

and MB5	 at	 0 ,	 3	 and	 24 %	 are plotted	 in

Figure 7.24.	 Both Equation (3.6)	 and	 Figure 7.24(a)	 show

that for constant	 o'	 tests the relationship given by

Equation (3.4) predicts that	 cT3'	 remains constant during

shearing.	 The	 Mohr's	 circle	 at	 critical	 state	 in
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Figure 7.24(a) is close to but does not reach the failure

envelope set by	 22° .	 The values of

calculated from the stress states defined by the Mohr's circles

for tests	 MEl and	 MB5	 are	 20°	 and	 22°	 respectively.

Finally,	 the theoretical relationships between	 and

9cs	 given by	 Equations (2.35) and (2.38)	 have been plotted

in	 Figure 7.25	 for the particular	 Ø'	 value of	 22°

Figure 7.25	 shows that for samples with pre-shearing 	 r< < 1

the values of	 cs'	 increase with	 ecs	 for values of
	 ecs

less than	 56° .	 In Figure 7.23	 the values of	 for

all four Mohr's circles are less than 	 56° , hence, the

constant volume tests wlich result in higher values of

have higher values of

In this section, the values of for constant o'

tests and constant volume tests on remoulded brown London

clay have been estimated using the two different methods

represented by	 Equation (2.36a) and by	 Equation (3.4).	 The

values	 of	 cs	 for the constant volume	 tests	 are

significantly higher than for the	 constant o'	 tests.

According to	 Equation (2.35)	 these higher values of

for the constant volume	 tests are responsible for causing

higher values of	 .	 It can be concluded that constant

tests and constant volume tests result in different

values of	 9cs	 and hence different	 values of

7.5.3	 Influence of K	 on critical states

In Section 7.5.1	 the critical states for simple shear samples

show that the values of	 cs'	 are dependent on OCR.	 The

proposed theoretical relationship between	 Pcs'	 and	 K0

which is	 a	 function	 of	 OCR	 is	 represented	 by

Equation (2.102).	 Figure 7.26 shows the variation of	 tan

with	 rc0 	 according to Equation (2.102) 	 for	 22°	 for

London clay.	 The maximum	 K 0 value of	 2.20 was obtained

from Equation (2.103) and the 	 K0	 value of	 1.33	 for

Pcs '	 0cs'	 was obtained from Equation (2.104).
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In order to compare the predictions of 	 Equation (2.102) with

experimental results,	 the variation of	 K0	 with	 OCR

obtained from	 reconstituted triaxial sample are presented in

Figure 7.27.	 Comparisons between the simple shear and shear

box tests results with predictions by Equation (2.102) are

shown in Figures 7.28 to 7.31.	 The values of	 OCR	 for the

undisturbed samples were calculated from Equation (2.84b). In

accordance with the descriptions in Section 6.3.4 , the normal

compression lines used for the undisturbed samples were the

normal compression lines obtained from remoulded samples of the

same material tested in the same apparatus. The values of

the parameters for the normal compression lines obtained from

the remoulded samples an1 the values of the parameters for the

swelling lines defined by the undisturbed samples are tabulated

in	 Table 7.8.	 The	 value of	 ov.t	 for each	 type of

undisturbed samples, also tabulated in Table 7.8 , is the

value of	 at the point of intersection of the normal

compression line and the swelling line.	 Considering the

results of the stress path tests on Cowden till performed by

Ng (1 988) in Table 3.1 , the value of	 0cs'	 for Cowden

till is taken as	 31°

On the whole,	 the agreement between the predictions by

Equation (2.102) and the simple shear test results is 	 good

but the results for the shear box tests are very scattered.

In Figure 7.30(b)	 the scatter of the results for the

undisturbed London clay samples is relatively large compared

with the other results from simple shear tests. This is

likely to be due to the relatively large variation in specific

volume of the samples which has already been discussed in

Sections 7.3.2	 and 7.3.3.

In	 Figures 7.28 and 7.29	 the results for remoulded arid

reconstituted samples show that at 	 OCR	 1	 the predictions

by Equation (2.102)	 are closer to the constant	 test

results than the constant volume test results.	 The reason for

this is, as described in Section 2.5.3 , Equation (2.102) was

derived by assuming that the stress increments applied during

shearing are pure shear stress increments and that

remains unchanged.	 It has been explained in Section 2.4.1
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that the application of pure shear stress increments results

in the Mohr's circle of stress changing in size but the

centre of the Mohr's circle remains unchanged.	 Figure 7.24

shows that from	 0	 to	 24 %	 the changes in the

positions of the centres of the Mohr's circles for 	 tests

MEl	 and	 MB5	 are	 36 kPa	 and	 112 kPa	 respectively.

Hence, at OCR	 1	 the stress states of the samples sheared

at constant	 o,'	 are much closer to the stress states

assumed in deriving	 Equation (2.102).	 As	 OCR	 increases the

stress paths followed by constant 	 O\,'	 shearing and by

constant volume shearing become closer as illustrated in

Figures 2.23(a) and 2.24(a)	 and	 Figures 7.28 to 7.30	 show that

for	 OCR > 1	 the	 predictions by	 Equation (2.102)	 apply

equally well for both types of shearing.

The proposed representation of the critical	 state line on the

v	 plane is represented by Equation (2.109).	 Comparisons

between the predictions by 	 Equation (2.109) and the results from

simple sheer tests on Cowden till and blue London clay are

shown in	 Figure 7.32.	 In	 Figures 7.32(a) and (c)	 the results

for constant volume tests on normally compressed samples are

not included because,	 as	 described	 in Section 2.5.3

Equation (2.109)	 was also derived by assuming that

remains constant during shearing. 	 Best fit lines are drawn

through the critical states for constant 	 °Y	 tests on
normally compressed samples to act as critical state lines for

samples with OCR z 1 .	 From these lines the values of'

for Cowden till and blue London clay are	 0.066	 and	 0.134

respectively.	 Both values are very close to the values of

for the corresponding	 normal compression lines given in

Table 6.2.	 Substituting the values of	 and	 I'	 for the

critical state lines for samples with	 OCR	 1	 into

Equation (2.112)	 gives values of	 F	 for Cowden till and

blue London clay	 as	 1.797	 and	 2.573	 respectively.	 Using

these values of	 r	 together with	 Equation (2.109)	 the

critical state lines for samples with	 OCR > 1	 have been

plotted.

In Figures 7.32(b) and (d) 	 the values of	 for the critical

state lines are assumed to be the same as those for the
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remoulded samples.	 Best fit lines are drawn through samples

with the lowest	 OCR	 and using values of	 and	 r5	 for

these lines values of	 r	 for Cowden till and	 blue London

clay were obtained as	 1.809	 and	 2.542	 respectively.

Using these values of	 r	 together with	 Equation (2.109)

the critical state lines for samples with higher 	 OCR	 are

plotted.

On the whole the agreement between the predictions by

Equation (2.109)	 and the test results	 is reasonable.	 It

becomes worse as	 OCR	 increases, nevertheless, the predicted

trend o	 decreasing	 with increasing	 OCR	 is in

agreement with experimetal results.	 It is expected that

Equation(2.109)	 gives less	 accurate	 predictions	 than

Equation (2.102)	 since an	 extra	 assumption is	 made	 in

Equation (2.107)	 when	 Equation (2.109) 	 was derived.

From the discussions in this section it can be concluded that

Equation (2.102)	 gives a good prediction of the variation of

Pcst	 with	 K0	 for simple shear tests.	 For normally

compressed samples the predictions are closer to the constant

o	 test results than to the constant volume test results.

Equation (2.109) gives reasonable predictions of the critical

state lines on	 ov' , v	 plane for simple shear samples with

various OCR.	 The accuracies of the predictions decrease with

increasing OCR.

7.5.4	 Undrained shear strength

The undrained shear strength	 c	 for triaxial samples is

given by	 Equation (2.96).	 Comparisons between	 c	 calculated

from	 Equation (2.96) and results from constant volume simple

shear tests for London clay are shown in Figure 7.33. The

triaxial test results are based on parameters obtained from

the reconstituted blue London clay samples and the simple

shear test results include data from remoulded brown and blue

London clay samples.	 From Section 7.5.1	 the values of	 H

for	 compression	 and	 extension	 are	 0.87	 and	 0.78

respectively and the values of 	 I"	 and	 ).,	 for the critical
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state line are	 2.945	 and	 0.185	 respectively.	 These

values of	 M ,	 F	 and	 \	 together with values of 	 v0

at different OCR	 were substituted into	 Equation (2.96) to

obtain the full and broken curves in	 Figure 7.33.	 The values

of	 v0	were calculated using	 Equations (2.73) and (2.74) 	 with

values of	 ? , N 0	and	 /z	 equal to	 0.192 ,	 3.037	 and

0.054	 respectively as given in Table 6.2. 	 Also, a value of'

p '	 277 kPa	 corresponding to	 O'vp' = 388 kPa	 was used in

calculating	 v0	since all the simple shear test results

plotted	 in	 Figure 7.33	 are	 for	 samples	 with

= 388 kPa .	 The definition of	 •vp'	 is given in

Section 2.5.1	 and is illustrated in	 Figure 2.26.	 The values

of	 (tv')cs	 plotted 'n Figure 7.33(a) 	 were taken from

Tables 7.2 and 7.3.	 Figure 7.33(a)	 shows	 that

obtained from constant volume simple shear tests are lower

than	 c	 for triaxial compression and extension tests.

Theoretical predictions and experimental evidence of 	 Cu	 for

triaxial compression greater than	 (t)	 for simple shear

have been given by	 Wroth (1984)	 and	 Berre and Bjerrum (1973)

respectively.

It has been discussed in	 Section 2.5.3	 that	 (tV')

measured from constant volume shearing is related to 	 Cu	 by

Equation (2.113) 	 and so	 c	 can be calculated from 	 (tv')cs

and	 as illustrated by	 Equation (2.114).	 The

value of	 ø'	 is	 22°	 for London clay as described in

Section 7.5.1.	 For London clay samples with	 OCR	 equal to	 1

and 2	 it has been explained in Section 7.5.2 	 that

Equation (2.36a)	 is suitable for expressing	 e5	 in terms of

and	 0cs'	 and hence,	 Equation (2.114) was applied to

calculate	 Cu	 for these samples.	 For the samples with OCR

equal to	 4 and 8	 it was not possible to decide which

equation to use to relate	 with	 and

without further information about 	 .	 However, three of

the samples, ML7 ,	 B8	 and	 ML8 ,	 have values of

slightly greater than	 22°	 and since	 p5'	 could not have

been greater than	 it was assumed that for these samples

cs '	0cs'	 As a result,	 Equation (2.39a)	 became the same

as	 Equation (2.39b)	 and was combined with	 Equation (2.113) to
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calculate	 Cu •	 The values of Cu	 for the simple shear

tests are plotted in Figure 7.33(b) and are considered to be

estimates rather than accurate measurements. 	 It can be seen that

the values of	 c	 for the simple shear tests	 in

Figure 7.33(b)	 are only very slightly higher than the values

of	 (tv')cs	 in	 Figure 7.33(a).	 The differences	 in	 Cu

obtained from	 triaxial tests and simple shear tests are

likely to be due to the different intermediate principal

stresses °2 acting in the two different types of tests.

This would have caused the triaxial and simple shear samples to

follow different effective stress paths in terms of three-

dimensional stress parameers and so reaching different shear

stresses at the end of the paths.	 The effective stress paths

followed by simple shear tests in terms of the stress

parameters	 p' , q	 will be examined in	 Section 7.6.1.

It can be concluded that	 (t)	 measured from constant

volume simple shear tests are lower than c	 calculated from

Equation (2.96)	 using triaxial test results. 	 Values of	 c..

estimated from	 Ø3'	 together with	 simple shear

(tVt)CS	 and	 are	 slightly	 higher

corresponding values of	 v'CS	 but are also

Cu	 calculated from triaxial test results.

7.5.5	 Normalised critical states

The reasons for normalising test data has been discussed in

Section 2.6	 and the theoretical	 relationships between

normalised	 critical	 states	 and	 K0	 are	 given	 in

Section 2.6.2.	 The normalised critical states for the Cowden

till and blue London clay simple shear samples are plotted

in	 Figures 7.34 to 7.37.

In the	 0vV0ve ' v'/' 0ve'	 plots,	 the predicted values of

(0 v'' 0ve' ) cs	 which are represented by the broken lines can,

in theory, be calculated from	 Equation (2.139).	 However, in

practice, the value of	 for the normal compression line

is very slightly different to the value of 	 ?	 for the

-u

parameters

than	 the

lower than
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critical state line for both Cowden till and blue London clay

as already mentioned in Section 7.5.3. 	 Hence, in calculating

the predicted values of	 (0v'/'0ve')cs ,	 the	 for normal

compression line was used	 to calculate	 (0ve')cs	 from

Equation (2.136) and the	 for critical state line was

used to calculate	 °v'cs	 from	 Equation (2. 1 09).	 In the

	

plots, the predicted values of 	 which are

represented by the broken lines were calculated from

Equation (2.112)	 using the value of	 for critical state

line.

The agreement between the predictions and the data points is

reasonable.	 The accuracies of the predictions of 	 (0v'/'Ove')cs

and	 r5	 are similar to those in	 Figure 7.32	 since

Equation (2.139)	 is partly derived from	 Equation (2.109) and

Equation (2.112)	 is part of	 Equation (2.109).

The normalised	 peak	 q'/p'	 states and normalised critical

states of the reconstituted blue London clay triaxial samples

are plotted in	 Figure 7.38.	 For each of compression and

extension tests a critical state point is clearly defined by

the normally compressed samples.	 Comparing	 Figure 7.38	 with

Figure 2.25 the behaviour of the London clay samples is in

agreement with the critical state theory, except that the

overconsolidated samples did not reach critical states.

It can be concluded that	 Equations (2.139) and (2.112) 	 give

reasonable predictions of the normalised critical states for

simple shear tests.	 The accuracies of the predictions tend to

decrease with increasing	 OCR .	 The	 normalised critical

states of the reconstituted blue London clay triaxial samples

give well-defined critical state points for compression and

extension and generally behave as the critical state theory

predicts.

7.5.6	 Summary

By considering the variation of the ratio of shear stress to

normal stress with shear strain and the variation of shear
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stress, normal stress and specific volume with shear strain,

critical states and peak states have been identified for simple

shear, shear box and triaxial samples of Cowden till and

London clay (brown and blue).

For simple shear tests, the critical states are described by

critical state lines represented by Equation (2.97) instead of

the Conventional Mohr-Coulomb criterion represented by

Equation (2.98).	 For each soil,	 the values of	 cs'	 are

dependent on	 OCR	 and on whether the sample was sheared

under constant	 o1'	 or	 constant volume condition.	 Two

different methods,	 represented by Equation (2.36a)	 and by

Equation (3.4), have been used to estimate 	 e cs .	 Both methods

give similar estimations and they indicate that	 for

constant	 cry'	 tests and	 for constant volume tests are

different.	 According to	 Equation (2.35)	 this difference in

9cs	 caused the difference in	 p5'	 for the two types of

tests.	 The variation of	 Pcs'	 with	 OCR	 for the test
results are compared with predictions by the proposed

theoretical relationship between	 and	 K0	 represented

by	 Equation (2.102).	 In general, the agreement between the

predictions by	 Equation (2.102) and the test results is good.

For normally compressed samples the predictions are closer to

the constant	 o'	 test results than to the constant volume

test results.	 The proposed representation of the critical

state line on the	 , v	 plane given by Equation (2.109)

is also compared with the test results. The agreement	 is

reasonable but worsens with increasing OCR. The normalised

critical states are presented together with the predictions by

Equations (2.102), (2.139) and (2.112).

For the triaxial tests on blue London clay, a unique critical

state line exists for each of compression and extension. The

normalised critical states of the reconstituted samples give

well-defined critical state points for compression and

extension.	 In general, the results of the triaxial tests are

close to the predictions by the critical state model.

The shear stresses	 (tv')cs	 measured from constant volume
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simple shear tests are lower than 	 Cu	 calculated from

Equation (2.96) using 	 triaxial test results.	 Values of	 Cu

estimated from	 ø'	 together with simple shear parameters

(T,') 5	and	 are	 slightly	 higher	 than the

corresponding values of 	 (t')5	 but are also lower than 	 Cu

calculated from triaxial test results.

7.6	 State paths for simple shear tests and triaxial tests

7.6.1	 Discussion on state paths

The state paths for all simple shear tests are presented in

Figures 7.39 to 7.45	 and the state paths for all triaxial

tests, except for the stress probing tests 	 TUBi and TUL5

are presented in	 Figures 7.46 and 7.47. 	 On the	 in a ' , v

plots for the undisturbed simple shear samples

(Figures 7.41(d) and (e), 7.43(c) and (d) and 7.45(c) and (d)), the

normal compression lines are those for remoulded samples of

the same material. On the in p' , v plot for the undisturbed

blue London clay triaxial samples (Figure 7.47(b)), the broken

line is the normal compressIon line for the reconstituted

samples shown in Figure 7.46(b).

It has been demonstrated in Section 2.4.1 that for simple

shear tests and triaxial tests on isotropic elastic materials,

elastic shear strain increments are caused by shear stress

increments only and elastic volumetric strain increments are

caused by normal stress increments only. According to the

critical state model, described in Section 2.5 , the behaviour

of overconsolidated samples are purely elastic before they

reach the state	 boundary surface.	 Hence, for overconsolidated

samples, the stress paths of constant volume simple shear

tests on	 ok,'	 '	 plane and the stress paths of undrained

triaxial tests on	 p' , q'	 plane are theoretically vertical

before yielding if the soil is isotropic.	 Figures 7.39 to 7.45

show that all stress paths for constant volume simple shear

tests are only vertical initially. 	 Therefore, they exhibit

anisotropic behaviour with elastic shear strain increments
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relating to both shear stress increments	 t'	 and

normal stress increments	 .	 Figure 7.46(a) shows that

the stress paths for the 	 overconsolidated reconstituted blue

London clay	 triaxial samples are close to vertical before

they reach the critical state lines and Figure 7.47(a) shows

that the stress paths for the undisturbed blue London clay

triaxial samples are not vertical.

In order to compare the stress paths for simple shear tests

with those for triaxial tests, the overconsolidation ratio	 OCR

used for	 simple shear	 tests	 can be	 related	 to the

overconsolidation ratio ' R	 used for triaxial tests by

Equation (2.85). 	 For example, using Equation (2.85) together

with	 Figure 7.27(a)	 Cowden till	 simple shear samples with

OCR	 2 , 4	 and	 8	 have	 R	 1.7 ,	 3.0	 and	 5.3

respectively	 and	 using Equation (2.85)	 together with

Figure 7.27(b) blue London clay triaxial samples with 	 R	 2

and	 4	 have	 OCR	 2.7	 and	 6.5	 respectively.	 For Cowden

till the stress paths for constant volume simple shear tests

presented in Figures 7.39 to 7.41	 can be compared with the

stress paths for triaxial tests on isotropic samples reported

by Atkinson et al (1985a) in 	 Figure 3.25.	 For London clay

the state paths for constant volume simple shear tests

presented in Figures 7.42 to 7.45 can be compared with 	 the

state paths for undrained triaxial tests presented in

Figure 7.46. In general, the overall pattern of the state

paths for simple shear tests and triaxial tests are similar

with decreases in normal stresses when the normally compressed

samples were sheared and increases in normal stresses when the

heavily overconsolidated samples were sheared.	 Both normally

compressed simple shear samples and normally compressed

triaxial samples show small drops in shear	 stresses before

reaching critical states.	 The stress paths presented in

Figure 7.47	 and the stress paths obtained by Apted (1977)

reproduced in Figure 3.30(a) are both for undrained tests on

undisturbed London clay triaxial samples with 100 mm	 diameter.

For tests	 TUL1	 and	 TUL2	 the portions of the paths above

the isotropic line	 have similar shape as those in

Figure 3.30(a).	 The stress paths for the overconsolidated
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reconstituted	 triaxial samples will be Compared with those

for the undisturbed triaxial samples in the next section.

In Section 7.5.1 it has been mentioned that there is very

little difference between the	 critical	 states for remoulded

and reconstituted samples.	 Figures 7.39 and 7.40	 show that the

shape of the state paths for these two types of samples are

also very similar.	 In	 Figure 7.48	 the stress paths for a

remoulded simple shear sample and two 	 reconstituted triaxial

samples are compared.	 Samples	 ML5 , TCL1	 and	 TCL6	 were

all blue London clay samples normally compressed under

condition.	 Sample ML5 was compressed to a pre-shearing

effective vertical stress 	 O,,c'	 of 388 kFa	 and	 samples

TCL1 and	 TCL6	 were compressed to	 p0' of	 284 kPa
corresponding to	 of	 398 kPa	 so that the	 pre-

shearing stress states of all three samples were 	 similar.

Using	 Equations (3.5) and (3.6)	 which are	 based on the

relationship represented by 	 Equation (3.4) the values of

and	 O'	 during shearing for test ML5	 were calculated.	 As
described in	 Section 7.5.2	 the value of	 for London

clay was taken as	 22°	 and the value of	 k	 was given by

Figure 3.20	 as	 0.42 .	 In order to estimate the	 general

states of stress for test ML5	 in terms of the stress

invariants	 p'	 and	 q'	 defined by	 Equations (2.8) and (2.9),

it was necessary to estimate the values of 	 02'	 also.	 In

Figure 7.48 one estimated stress path for test 	 t1L5	 was

obtained	 by assuming	 02	 °h	 which is similar to the

assumption represented by	 Equation (2.107)	 used in deriving

Equation (2.109).	 Another estimated stress path for 	 test

ML5	 was obtained by assuming 02'	 .	 The magnitudes of

0 2	 relative to	 o'	 and	 a3 '	 can be described by the

parameter	 b	 the definition of which has been given in

Section 3.4.	 In test ML5 , for a2'	 0h	 the value of	 b

varied from zero before shearing to	 0.42	 at critical state

compared with	 b	 equal to zero for	 a2 '	 •	 Although

the two different assumptions about	 0 2'	 resulted in two

different estimated stress paths for the simple shear test,

neither of them resembles the triaxial stress paths. The

estimated paths for the simple shear test suggest that the

sample was slightly extended towards failure but the main
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cause of' failure was the reduction in effective normal

stresses.

It has been discussed in	 Section 3.4	 that	 Henkel and

Wade (1966) plotted stress paths for undrained plane strain

compression tests	 and	 undrained triaxial compression tests on

the same soil	 in terms of	 and	 toct' •	 1-lenkel

and Wade concluded that with the values of 02 taken into

consideration by the octahedral stress parameters the shape

of the effective stress paths for the undrained compression

tests was unique but the paths terminated at different states

because at critical state the Mohr-Coulomb criterion which

ignored the effects of	 02'	 governed.	 From	 Figure 7.48	 it

can be concluded that the effective stress paths for simple

shear tests and triaxial tests even when plotted in terms of

p' and	 q'	 have	 different shapes.	 This is likely to be

due to the completely	 different modes of shearing.	 At

critical state both tests ML5 and	 TCL1	 have	 0cs'	 of
22°	 but their stress paths on 	 p' , q'	 plane	 terminate

at	 different states because the parameter 	 0cs'
independent of	 a2	but the parameters	 p' and	 q'	 take

into account.	 Moreover,	 q'	 for the simple shear

test is lower than	 q'	 for the triaxial compression test

and this could be the reason for cu	 from	 simple	 shear

tests lower than	 cu	 from	 triaxial tests in Section 7.5.14.

In this section, the stress paths of the constant volume

simple shear tests on overconsolidated samples suggest that

the elastic stress-strain behaviour of the samples before

reaching the state boundary surface is anisotropic.

Comparisons are made among the state paths for simple shear

tests and triaxial tests on	 remoulded, reconstituted	 and

undisturbed samples.	 The general patterns of the state paths

for simple shear tests and triaxial tests are similar.	 The

stress paths for a simple shear test was plotted in terms

of	 p'	 and q'	 using the relationship represented by

Equation (3.4)	 together with assumptions for 	 02' .	 This

suggests that the effective stress paths	 for	 simple	 shear

tests	 and triaxial tests on	 p' , q'	 plane have different

shapes and terminate at different states.
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7.6.2	 Discussion on normalised state raths

The normalised state paths for all simple shear tests are

presented in Figures 7.49 to 7.55	 and the normalised state

paths for all triaxial tests, 	 except for the probing tests,

are presented in Figures 7.58 and 7.59. 	 The method for

estimating the values of	 OCR	 for the undisturbed simple

shear samples has been described in Section 7.5.3. For the

normalised state paths for remoulded and undisturbed Cowden

till and blue London clay simple shear samples the critical

state points predicted by Equations (2.102), (2.112) and (2.139),

already shown in	 Figures 7.34 to 7.37,	 are included for

comparison.	 In Figure 7.49(f) and 7.51(f)	 the	 predicted

critical state points are further away from the experimental

results than as shown before in 	 Figures 7.34(b) and 7.35(b).

This is because in	 Figures 7.49(f) and 7.51(f)	 the values of

vAs for the paths were computed	 using the	 for the

normal compression line which is slightly different to the

for the critical state line 	 as already explained in

Section 7.5.5.	 It can be deduced from	 Figure 2.26	 that a

small difference in the value of 	 results in large

differences in the values of v5

For the normally compressed remoulded and reconstituted simple

shear samples,	 those which were sheared under the same

condition but with different values of	 OD'	 give the same
normalised state paths.	 For instance, Figure 7.49(a)	 shows

that samples MCi and MC9	 which were both sheared under

constant	 cry'	 condition	 but with	 o'	 of	 388 kPa and

776 kFa	 respectively have the same normalised stress path as

predicted in	 Section 2.6.	 When the normalised state paths

for constant	 0v'	 and constant volume tests are plotted

together in the figures labelled 	 (c) and (f)	 in	 Figures 7.49

to 7.55	 the overall pattern of behaviour is the same as shown

in Figure 2.25	 but the exact shapes of the normalised state

paths for constant	 tests are different to those for

constant volume tests.	 For the normally compressed samples,

at any value of	 tvt/Ovet	 the value of	 0v'/Ove'	 for a

constant volume test is generally lower than those for a

constant	 a,'	 test.	 For the overconsolidated samples, the
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normalised state paths for the

closer to vertical than those

These differences are likely to

between constant	 cry'	 tests

discussed in Section 7.5.2.

constant
	

tests are much

for constant volume tests.

be caused by the difference

and	 constant volume tests

The normalised constant v section and the normalised constant

0 v'	 section of the	 foscoe surface predicted by Modified

Cam-clay	 are given	 by	 Equations (2.143) and (2.144).	 For

remoulded Cowden till and remoulded blue London clay the

Roscoe surface predicted by	 Modified Cam-clay are plotted

together with the experimental results in 	 Figures 7.56 and

7.57.	 The values of '	 ,	 and	 used were

taken from	 Table 6.2.	 For	 remoulded Cowden till the value

of	 tan cs'	 used was the average of the values of

tan	 for tests MCi ,	 MC9	 and	 MC1O	 given in

Table 7.1	 and, similarly, for remoulded blue London clay the

value of	 tan Pcs'	 used was the average of the values of

tan	 for tests	 ML1 , ML5	 and ML9	 given in Table 7.3.

Figure 7.56	 shows that for Cowden till Modified Cam-clay

gives good predictions but 	 Figure 7.57	 shows that for blue

London clay the predictions by Modified Cam-clay are different

to the experimental	 results.

Figure 7.58 shows that the normalised state paths for the

reconstituted blue London clay triaxial samples have the same

pattern as the idealised behaviour given in Figure 2.25.

The normally compressed samples which had different pre-

shearing states give a unique 	 Roscoe	 surface	 for both

compression and extension. Figure 7.59 shows that the

normalised state paths for the undisturbed blue London clay

triaxial samples have similar shape to those of the

overconsolidated reconstituted samples in 	 Figure 7.58.	 A

comparison between the normalised paths for the undisturbed

samples and those for the reconstituted samples with 	 4

is made in	 Figure 7.60.	 It can be	 seen that the

undisturbed	 samples have significantly lower peak normalised

shear stresses than the reconstituted samples both in

compression and extension. 	 This is likely to be due to the

presence of fissures in the	 undisturbed	 material.	 The
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effects of fissures on the testing of undisturbed London clay

have been described in Section 3.5.2.

It can be concluded that the overall pattern of the

normalised state paths for the simple shear tests is in

agreement with the critical state model.	 The exact shapes of

the normalised paths for constant 	 o'	 tests are different to

those for constant volume tests. 	 Therefore, it has not been

possible to identify a unique 	 state boundary surface.	 Modified

Cam-clay gives good predictions of the Roscoe surface for

remoulded Cowden till but not for remoulded London clay. 	 The

overall pattern of the	 normalised state paths for the

triaxial tests is also as predicted by the critical 	 state

model. A comparison between the normalised paths for the

London clay triaxial samples shows that the undisturbed samples

have significantly lower peak normalised shear stresses than

the reconstituted samples.

7.7	 Stiffnesses determined from simple shear tests and stress

path tests

7.7.1	 Tangent stiffnesses from simple shear and triaxial tests

The shear stress versus shear strain curves for all simple

shear tests and stress path tests have been given in

Chapter 6. However, it is difficult to identify any pattern

of behaviour at relatively small strains from these curves

because they tend to cluster near the origin. 	 The problem is

solved by plotting the data using a logarithmic scale for

strains as shown in	 Figures 7.61 to 7.69. 	 In Figure 7.61, at

' < 1 .0 % , the curves for samples	 MCi to MC4	 and	 MC5 to

MC8 show that for both constant 	 °'	 and constant volume

simple shear tests the slopes of the curves decrease with

increasing OCR.	 Also, for the normally compressed samples the

curves for samples	 MC9 and MC1O with	 776 kPa	 have

greater slopes than the curves for samples	 MCi and MC5

with	 0vo'	 388 kPa .	 These patterns of behaviour can also

be	 identified	 in	 Figures 7.62, 7.64	 and	 7.66.	 In
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Figures 7.63, 7.65 and 7.67	 it is clear that the slopes of

the curves for the undisturbed samples increase with

and therefore decrease with OCR	 which is in agreement with

the behaviour of' the remoulded and reconstituted samples

described above.	 In	 Figure 7.68 the slopes of the curves for

the triaxial compression tests TCL1 to TCL5 do not show any

clear pattern of behaviour.	 For the extension tests, at

strains before	 -1.0 % , the curves for TCL6 to TCL8	 show

that the slopes of the curves decrease with 	 R .	 Also, the

slopes of the curves for the normally compressed samples TCL6

TCL9 and TCL1O	 are similar.

1
All tangent stiffnesses presented in this study are tangent

stiffnesses calculated by a microcomputer using a program

written in BASIC by Woods (1985). A description of the

procedure of calculation is also given in Atkinson et al (1986).

Basically,	 to calculate the tangent at a point P on a

stress-strain curve, a quadratic function was fitted to the

point P and its two neighbouring points using a standard

least-squares method. The function was differentiated at all

three points and the tangent to point	 P	 was taken as the

average of the three differentials.

The variation of tangent shear stiffness with shear strain on

a logarithmic scale for all simple shear tests and undrained

triaxial tests are shown in Figures 7.70 to 7.78. The

magnitudes of' the shear stiffnesses of the simple shear samples

are all below	 50 MPa and the magnitudes of the shear

stiffnesses of the triaxial samples are all below 	 100 MPa

The shear stiffnesses obtained from constant simple

shear tests are compared with the shear stiffnesses obtained

from constant volume simple shear tests in Figures 7.79 to

7.81.	 A logarithmic scale is used for the values of 	 OCR

on the horizontal axes.	 For the remoulded samples only the

results for samples with the same	 o'	 of	 388 kPa	 are

compared.	 The definition of'	 has been given in

Section 2.5.1	 and	 also illustrated in	 Figure 2.26.	 It is

necessary that the samples compared have similar

because as each of	 Figures 7.70, 7.71, 7.73 and 7.75	 shows
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two samples with the same 	 OCR	 of	 1	 but with	 cr'	 at

different values of	 776 kPa and	 388 kPa	 give different

stiffnesses.	 For the undisturbed samples the method for

estimating the values of OCR	 has been described in

Section 7.5.3 .	 Figures 7.79 to 7.81	 illustrate	 that the

shear stiffnesses measured by constant	 and constant

volume simple shear tests are the same and that the

stiffnesses decrease with increasing	 OCR .	 Comparing among

Figures 7.79 to 7.81	 shows that at the same	 OCR	 and

the shear stiffnesses for all three soils are similar.

For an isotropic elasti material the elastic shear moduli

for triaxial tests and simple shear tests are defined 	 in

Equations (2.53) and (2.56)	 respectively.	 As discussed in

Section 2.5.5 ,	 for constant volume simple shear loading

G 5	 G 5 '	 and, similarly, for undrained	 triaxial loading

G	 G' .	 Therefore,	 Equation (2.53)	 shows that	 G	 is one

third of the tangent shear stiffness parameter 	 dq'Id5	 and

Equation (2.56)	 shows that	 Gus	 is equal to the	 tangent

shear stiffness parameter d(tvt)/d( e) Based on these

definitions, the shear moduli for constant volume simple shear
tests and undrained triaxial tests on blue London clay are

compared in	 Figure 7.82.	 A	 logarithmic scale is used for

the values of	 OCR	 and it has been discussed in

Section 7.6.1	 that the	 triaxial samples	 TCL2	 and	 TCL7

with	 R	 2	 had	 OCR	 2.7	 and the samples	 TCL3	 and

TCL8	 with	 R	 4	 had	 OCR	 6.5 .	 The value of

for samples	 ML5 to ML8	 was	 388 kPa	 and the value of

p 1 '	 for samples	 TCL1	 to	 TCL3	 and	 TCL6	 to	 TCL8	 was

284 kPa	 corresponding	 to	 0\,I'	 of	 398 kPa	 so that the

values of	 Gvp'	 for the simple shear and triaxial 	 samples

were similar.	 The relationship	 between the	 simple shear

strain parameter	 '	 and the shear strain invariant

has been given in Equation (2.46).	 For constant volume

simple shear tests	 Equation (2.46)	 shows that	 is equal

to	 (I/3) ' .	 Hence,	 as indicated in	 Figure 7.82,	 for	 '

values of	 0.1 ,	 0.2	 and	 0.5 %	 the corresponding values

of	 are	 0.06 ,	 0.12 ,	 and	 0.29 %	 respectively.
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Figure 7.82(a)	 shows that the shear moduli	 G	 for samples

TCL2	 and	 TCL3	 with	 OCR	 2.7	 and	 6.5	 respectively have

similar values as the interpolated shear moduli G 5 for the

simple shear samples,	 but	 G	 for sample	 TCL1	 with

OCR	 1	 are lower than	 Gus •	 Figure 7.82(b)	 shows that

Gu for sample TCL6 with OCR 	 1 are similar to Gus	 but

for	 samples	 TCL7	 and	 TCL8	 with	 OCR	 2.7 and 6.5

respectively are lower than the interpolated values of 	 G5

The orders of magnitude of 	 G	 and	 G5 are similar and

are both within	 20 MPa .

In Section 3.5.2	 result	 of undrained compression tests on

two undisturbed London clay triaxial samples with 98 mm

diameter obtained by	 Jardine et al (1984)	 showed that at

0.1 % ,	 E/p0t	 are 198	 and	 228 .	 It has been shown

in Section 2.5.5	 that for an isotropic elastic material

Gus	 (1/3)E	 for simple shear tests and it can be shown

similarly that	 G	 (1/3)E	 for triaxial tests. 	 Applying

the latter relationship the values of 	 Eu/p0t	 at	 0.1 %

obtained by Jardine et al	 correspond to	 G/p'	 of	 66	 and

-76 .	 Earlier in this section it has been discussed that

is one third of	 dq'/dE .	 Hence,	 it can be deduced

from	 Figure 7.78	 that for samples TUL1 and TUL2 , which were

undisturbed blue London clay triaxial samples with 100 mm

diameter tested in undrained compression, Gu 	 at	 0.1 %

are	 10	 and	 13 MPa	 respectively.	 These values of'	 G

also lie within the order of'	 magnitude of'	 20 MPa	 for the

and - Gus	 values in	 Figure 7.82.	 Using the values of

p 0 '	 given in Table 6.10	 and since for undrained triaxial

tests	 6a	 es ,	 G/p0'	 at	 0.1 %	 for tests	 TUL1

and	 TUL2 are	 60	 and	 52	 respectively which are close to

the values obtained	 by	 Jardine et al

In this section the variation of shear stress with shear

strain on a logarithmic scale and the variation of tangent

shear stiffness with shear strain on a logarithmic scale have

been plotted for all simple shear and triaxial tests. These

plots show that for simple shear tests the tangent shear

stiff'nesses decrease with increasing OCR and that for two

183



samples with the same 	 OCR	 of	 1	 the sample with higher

o'	 has greater stiffnesses.	 No clear pattern of behaviour

was identified for the triaxial compression tests but the

stiffnesses for the extension tests 	 decrease	 with

For the simple shear tests, the stiffnesses measured by

constant	 o\,'	 shearing are the same as the stiffnesses

measured by constant volume shearing. 	 At the same OCR and

shear strain the	 stiffnesses	 of Cowden till, brown London

clay and blue London clay are similar. 	 For London clay the

shear moduli	 G	 and	 Gus	 have similar orders of

magnitude.

7.7.2	 Tangent stiffnesses from probing tests

The	 q'	 versus	 curves for probing tests 	 TUB1 and TUL5

have been given in	 Figure 6.24	 which shows that all the

curves are linear except the curve for the	 undrained probe

AC	 of test	 TUL5 .	 The variation of shear stress with

shear strain on a logarithmic scale 	 are	 shown	 in

Figures 7.83 and 7.84.

Since the undisturbed London clay	 samples	 are heavily

overconsolidated,	 theoretically the strains caused by the

probes are purely elastic as stated in Section 2.5.5. As

elastic strains are fully recoverable on unloading the states

of the sample at the beginning of each probe should be the

same and unaffected by previous probing. 	 This was the reason

for	 adopting the test procedure which used just one sample

for various probes.	 It can be seen from	 Figure 5.17	 that

in test	 TUB1	 the last probe	 O'F'	 has the same stress

path as the second probe 	 O?Ct	 and it can be seen from

Figure 5.18	 that in test	 TUL5	 the last probe	 A'S'	 has

the same stress path as the third probe 	 A'F' .	 The purpose

of carrying out probes 0'?' and A'S' was to compare the

stiffnesses measured at the end of a test with the

stiffnesses for the same probe measured at an early stage of

the test.	 The differences in these stiffnesses will serve as

indications of the amount of disturbance caused by probing

and, hence,	 whether the testing procedure is acceptable.
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Furthermore,	 Figure 5.17	 shows that before each probe started

from	 state	 0'	 the stress path would have travelled at

least	 25 kPa	 along a path in the same direction as the

probe.	 Also,	 Figure 5.18	 shows that before each probe

started from state	 A'	 the stress path would have travelled

at least 50 kPa along a path in the same direction as the

probe.	 These were	 precautions taken to eliminate threshold

effects which have been studied by	 Richardson (1988).	 In

both tests the length of each path travelled before reaching

the starting state was at least 	 25 %	 of' the	 p0'	 value

of' the probe as recommended by Richardson.

The tangent stiffnesses measured from the probing tests are

given in	 Figures 7.85 and 7.86.	 Since the	 q' -	 curves

for all the drained probes, shown in	 Figure 6.24,	 are

linear the tangent stiffnesses for these probes are constants.

For probes O'C'	 and	 O'P'	 of test	 TUB1 , Figure 7.85(b)

shows that the difference in bulk stiffness is 	 1 MPa	 while

the bulk stiff'nesses for all probes range from	 5	 to

15 MPa .	 Figure 7.85(d)	 shows that the difference in the

stiffness parameter 	 dp'/dE5	 is	 5 MPa .	 For	 probes	 A'F'

and	 A'S' : of' test TUL5 ,	 Figure 7.86(a)	 shows that the

difference in shear stiffness is 	 2 MPa	 while the shear

stiff'nesses for all probes range from 	 13	 to	 36 NPa

Figure 7.86(c) shows that the difference in the stiffness

parameter dq'Ide is 9 MPa . These differences in

stif'fnesses are considered to be small compared with the ranges

of values measured for all probes and the test procedure

followed is considered to be acceptable.

The stress-strain behaviours of' isotropic and anisotropic

elastic material have been described in Section 2.4.1. It

has been explained that the relationships between increments

of stress and strain for isotropic material are decoupled

whereas those for ariisotropic material are coupled.	 For the

undisturbed London clay samples,	 Figure 6.22(a)	 shows that

for the	 constant	 q'	 probes	 O'B'	 and	 O'C'	 the shear

strains	 are not equal to zero and 	 Figures 6.23(e) and

(g)	 show that for the constant q' 	 probes	 A'L' and	 A'M
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the strains	 are also non-zero.	 Figure 6.22(f) shows

that for the constant	 p'	 probes	 O'H'	 and O'J'	 the

volumetric strain	 are not equal to zero and

Figures 6.23(b) and (d)	 show that for the constant 	 p'	 probes

AtE t and	 A'F'	 the strains	 are also non-zero.	 Hence,

the material was anisotropic.

Since London clay was formed by deposition as described in

Section 4.3.2	 the material is likely to be cross-anisotropic

as suggested in	 Section 2.4.1.	 The	 stress-strain behaviour

of a cross-anisotropic elastic material are given by

Equations (2.61a) and (2.61l	 with the parameters	 Ae	 to	 De

as shown in	 Appendix A.	 Equation (A.2)	 shows that

theoretically	 Be	 is equal to	 Ce .	 It can be deduced

from	 Equation (2.61a) that	 Ae	 is equal to	 lI(dq'/d5)

for	 a	 constant	 p'	 probe	 and	
8e	 is	 equal	 to

1/(dp'/dE)	 for a constant q' probe. 	 Similarly, it can be

deduced from	 Equation (2.61b)	 that	 Ce	 is equal to

1/(dq'/dE)	 for a constant	 p'	 probe and	 De	 is equal to

1/(dp'/d)	 for a constant	 q'	 probe.	 Hence, values of

Ae	 to	 De	 for tests	 TtJB1 and TUL5	 can be obtained

from	 Figures 7.85 and 7.86. 	 For the drained probes, since

the tangent stiffnesses are constants the parameters	 Ae	 to

De	 are also constants.	 Figure 7.85(d)	 shows that	 Be

obtained from probes O'B' and	 O'C'	 are both	 0.040 MPa

and	 Figure 7.85(c)	 shows that	 Ce	 obtained from probes

O'H'	 and	 O'J'	 are	 0.048 MPa	 and	 0.042 MPa

respectively.	 Figure 7.86(d)	 shows that	 B e	obtained from

probes	 A'L'	 and	 A'M'	 are	 both	 0.020 MPa 1	and

Figure 7.86(c)	 shows that	 Ce	 obtained from probes	 AtE'

and	 A'F'	 are	 0.017 MPa 1	and	 0.024 MFa 1	respectively.

Therefore, in each of tests	 TUB1 and TUL5	 the values of

8e and	 Ce	 obtained are very close as predicted by theory.

For the probes which were neither constant q' nor constant

p' probes,	 a comparison is made in 	 Figures 7.87 to 7.90

between strains	 and	 Ev	 measured experimentally and

strains	 predicted	 by	 Equations (2.61a) and (2.61b). 	 Each
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predicted	 shear	 strain	 was	 calculated	 from

Equation (2.61a) using the value of	 Ae	 obtained from the

adjacent constant	 p'	 probes and the value of 	 5e	 obtained

from the adjacent constant	 q' probe.	 Similarly,	 each

predicted volumetric strain	 was calculated from

Equation (2.61 b) using the value of	 Ce	 obtained from the

adjacent	 constant	 p'	 probe and the value of	 De	 obtained

from the adjacent constant	 q' probe.	 For example, for

probe	 O'L' in	 Figure 7.87(a)	 the adjacent constant

probe was	 O'H' and the value of	 Ae	 given by	 O'H'	 can

be	 deduced	 from	 Figure 7.85(a)	 as	 1/(3L+) MPa 1 .	 The

constant q'	 probe	 adjcent to	 OtLt	 was	 OtC	 and the

value of	 Be	 given by	 O'C'	 can be deduced from

Figure 7.85(d)	 as	 11(25) NPa 1 .	 For	 probe	 O'L'	 the

values of	 q' and	 p' have been shown in Figure 5.17 as

-28 and 28 kPa	 respectively.	 Substituting these values of

Ae , 6q ,	 Be	 and	 p'	 into	 Equation (2.ôla)	 gave the

predicted	 of	 0.030 %	 plotted in	 Figure 7.87(a).

Figures 7.87 to 7.90	 demonstrate that for undisturbed London

clay the elastic parameters 	 Ae	 to	 De	 measured from

constant q' and constant p' paths can be used to give

good predictions of the elastic strains caused by other paths

in other directions.

It can be concluded that for drained loading inside the

state boundary surface the elastic stress-strain behaviour of

undisturbed London clay is linear and anisotropic. It has

been demonstrated that following the testing procedure

described in Section 5.12 	 a single sample can be used to

give acceptable test data for more than one probe in a

test.	 The	 elastic	 parameters	 Ae	 to	 De	 of

Equations (2.61a) and (2.Glb) 	 have	 been	 obtained	 from	 the

constant q'	 and	 constant	 p'	 probes and the experimental

results agree with the theory that 	 Be	 is equal to Ce

Equations (2.61a) and (2.61b) together with the measured values

of Ae to De gave good predictions of the elastic shear

and volumetric strains caused by the different probes in

different directions.
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7.7.3	 IJormalised tangent stiffnesses from simple shear and triaxial

tests

The variation of normalised tangent shear stiffness with shear

strain on a logarithmic scale for the simple shear tests and

undrained triaxial tests are shown in Figures 7.91 to 7.99.

The magnitudes of' the normalised shear stiffnesses of' the

simple shear samples are all below 110 and the magnitudes

of' the normalised shear stiffnesses of the triaxial samples

are all below	 220 .	 It has been shown in Section 2.6.4 that

for constant	 O\T'	 and constant volume simple shear tests,

the variation of noimalised tangent shear stiffness

dt'/(vo'd')	 with the multiple of specific volume and shear

strain	 v '	 is the same for normally compressed samples

with any pre-shearing state.	 By analogy, it can be shown

that for both constant p'	 and undrained triaxial tests, the

variation of	 dq'/(vp'd63)	 with	 ye5	 is the same for

normally compressed samples with any pre-shearing state. 	 For

constant	 o,'	 simple shear tests on normally compressed

samples, Figure 7.91(a) 	 shows that the normalised stiffnesses

for sample	 MCi	 with	 of	 388 kPa	 are the same as

the normelised stiffnesses for sample MC9 with	 o	 of

776 kPa .	 For constant volume simple shear tests on normally

compressed samples,	 Figure 7.91 (b)	 shows that the normalised

stiffnesses for sample MC5	 with	 Ovo'	 of	 388 kPa	 are

the same as the	 normalised stiffnesses for	 sample	 MC1O

with O0	 of' 776 kFa .	 Similar experimental evidence can

be	 seen in	 Figures 7.92(a), 7.94(a), 7.96(a) and (b).	 For

undrained triaxial tests on normally compressed samples,

Figure 7.98	 shows that in compression samples	 TCL1 , TCL4

and TCL5	 which had different pre-shearing states have the

same normaliseci stiffnesses and in extension samples TCL6

TCL9 and TCL1O	 which had different pre-shearing states also

have the same normalised stiffnesses.

The normaliseci shear stif'fnesses obtained from constant
	

o.v,

simple shear tests are	 compared with the normalised shear

stiffnesses obtained from constant volume simple shear tests

in Figures 7.100 to 7.102.	 A logarithmic scale is use
	

f or

the values of	 OCR on the horizontal axes.	 The metho
	

for
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estimating the values of OCR 	 for the undisturbed samples

has been described in	 Section 7.5.3.	 Figures 7.100 to 7.102

illustrate that the normalised shear stiffnesses measured by

constant	 ok,'	 and constant volume simple shear tests are the

same and that the normalised stiffnesses increase with OCR.

The remoulded samples of each material show that at 	 OCR	 1

the same normalised shear stiffnesses are obtained irrespective

of pre-shearing	 state and whether the sample was sheared

under constant	 o	 or constant volume condition. 	 Comparing

among Figures 7.100 to 7.102	 shows that at the same	 OCR and

' the normalised shear stiffnesses of Cowden till are higher

than those of London clay and the normalised shear

stiffnesses of brown and 1 blue London clay are similar.

For the undrained triaxial tests the variation of normalised

shear stiffnesses with	 R	 is shown in Figure 7.1 03.	 In

compression, the normalised stiffnesses increase with 	 R	 and

in extension, the normalised stiffnesses decrease with 	 R

The definitions of the shear modulus for undrained triaxial

tests	 Cu	 and the shear modulus for constant volume simple

shear tests have been given in Section 7.7.1. A

comparison of the normalised shear moduli for undrained

triaxial tests and constant volume simple shear tests on blue

London clay is shown in Figure 7.104.	 A	 logarithmic scale

is used for the values of OCR.	 The correspondence between

the values of the shear strain parameters 	 ''	 and

have been discussed in Section 7.7.1. 	 Figure 7.104(a)	 shows

that the normalised shear moduli 	 G/(vp')	 for samples	 TCL2
and	 TCL3	 have similar values as the interpolated riormalised

shear moduli	 G5/(vo')	 for the simple shear tests, but

Gu/(vp')	 for sample	 TCL1	 are lower than	 Gus/(vav')

Figure 7.1 04(b)	 shows that	 G/(vp') for sample TCL6 are

similar to	 G5/(VcT') ,	 but	 GI(vp') for samples TCL7	 and

TCL8	 are lower than the interpolated	 values of Gus/(VCv')
The orders of magnitude of	 G/(vp')	 and	 Gus/(vcTv')	 are

similar and are both within	 60

It has been	 described	 in	 Section 3.5.1
	

that
	

Ng (1988)

performed undrained compression tests on 	 K0	 corn pressed
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reconstituted Cowden till triaxial samples with 38 mm diameter

at different overconsolidation ratios. 	 The results showed that

at	 0.06 % ,	 dq'/(vp'de3)	 ranged	 from	 40	 to	 195

corresponding to	 Gu/(vp')	 of	 13 to 65 .	 Figure 7.100(a)

shows that for the constant volume simple shear tests on

remoulded Cowden till, at	 ''	 0.1 %	 which corresponds to

0.06 % ,	 dt'/(vo'd')	 which corresponds to	 Cus/(vav')

range from	 28	 to 59 .	 Therefore, the orders of magnitude

of	 G/(vp') and	 G5I(vo')	 for Cowden till are similar.

In this section the variation of normalised tangent shear

stiffnesses with shear strain on a logarithmic scale for

simple shear tests and'triaxial tests have been presented.

The magnitudes of the normalised shear stiffnesses of the

simple shear samples and triaxial samples are within 	 110 and

220	 respectively.	 It is demonstrated that, for constant

and constant volume simple shear tests and for

undrained triaxial tests, as theory predicts, the normalised

tangent shear stiffnesses of the normally compressed samples

are independent of their	 pre-shearing states.	 For simple

shear tests the normalised stiffnesses increase with 	 OCR and

normalised stiffnesses measured from 	 constant	 ok,'	 shearing

are the same as those measured from constant volume shearing.

At the same	 OCR	 and shear strain the normalised stiffnesses

of Cowden till are higher than those of London clay and the

normalised stiffnesses 	 of brown and blue London clay are

similar.	 For undrained triaxial	 tests,	 the normalised

stiffnesses increase with 	 in compression and decrease

with	 R	 in extension.	 For both	 London clay and Cowden

till,	 the	 normalised shear moduli	 Gu/(vp')	 and

have similar orders of magnitude.

7.7.4	 Normalised tangent stiffnesses from probing tests

The normalised tangent shear stiffnesses for probing tests

TUB1 and	 TUL5	 and the	 normalised tangent bulk stiffnesses

for the constant q'	 probes of the two tests are plotted in

Figures 7.105 and 7.106	 respectively.	 The purpose of these

plots is to compare the normalised stiffnesses for the
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corresponding probes of the two tests. 	 All the normalised

tangent stiffnesses shown in 	 Figures 7.105 and 7.106, 	 apart

from the normalised shear	 stiffnesses for	 probes	 O'L'	 and

O'M' , are close to constant over the strains caused by the

probes.	 Figure 7.105	 shows that the normalised shear

stiffnesses for the probes of test	 TUB1	 which had lower

effective stresses are higher than the normalised shear

stiffnesses for the corresponding probes of test 	 TJJL5	 which

had higher effective stresses.	 Figure 7.106	 shows that

similar normalised bulk stiffnesses were obtained	 for all

four constant	 q'	 probes which were along the	 swelling

lines.	 It can be deduced from 	 Equation (2.124) 	 that for an

isotropic material the nmalised tangent bulk stiffness for a

state path along the swelling line is equal to 	 1//c .	 The

average of the normalised bulk stiffnesses shown in

Figure 7.106	 is	 33 giving an estimated value for /C	 of

0.030	 which is of the same order of magnitude as the

values shown in	 Table 6.2.

It can be concluded that normalised tangent stiffnesses for

the drained probes are constant and the normalised shear

stiffnesses for the probes with lower effective stresses are

higher than the normalised shear stiffnesses for the

corresponding probes which had higher effective stresses. 	 The

normalised bulk stiffnesses for the constant q' probes which

were paths along the swelling line are similar and give a

reasonable estimate of /c

7.7.5	 Summary

For simple shear tests, plots of tangent shear stiffness

against shear strain on a logarithmic scale show that the

stiffnesses decrease with 	 OCR	 and increase with pre-shearing

stresses.	 The tangent shear stiffriesses	 obtained from

constant	 o,'	 shearing	 are the same as those obtained from

constant volume shearing.	 For undrained triaxial extension

tests, the tangent shear stiffnesses	 decrease	 with

For London clay, the shear moduli for undrained triaxial
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tests	 Cu	 have the same order of magnitude as the shear

moduli for constant volume simple shear tests 	 Gus

Results of the probing tests show that for drained loading

inside the state boundary surface the elastic stress-strain

behaviour of undisturbed London clay are linear and

anisotropic.	 The elastic parameters	 Ae	 to	 De	 of

Equations (2.61a) and (2.61b)	 have	 been	 measured	 from	 the

constant	 q'	 and constant	 p'	 probes.	 Using these measured

values of Ae to De the elastic shear strains and

elastic volumetric strains caused by drained probes in any

direction and within lle state boundary surface can be

predicted.

Experimental results agree with theoretical prediction that for

normally compressed simple shear and triaxial samples the

variation of normalised tangent shear stiffness with shear

strain is independent of pre-shearing state.	 For simple shear

tests,	 the normalised shear stiffnesses increase with OCR

and the normalised shear stiffnesses measured from constant

0v t	 shearing were the same as those measured from : constant

volume shearing.	 At the same	 OCR	 and shear strain the

normalised stiffnesses of Cowden till are higher than those

of	 London clay and the normalised stiffnesses of brown and

blue London clay are similar.	 For undrained triaxial tests,

the normalised stiffnesses increase with 	 R	 in compression

and decrease with	 R	 in extension.	 For both London clay

and Cowden till	 the normalised shear moduli for undrained

triaxial tests	 G/(vp')	 have the same order of magnitude as

the normalised shear moduli for constant volume simple shear

tests	 G5/(va')

The normalised tangent stiffnesses for the drained probes are

constants and the normalised shear stiffnesses for the probes

at lower effective stresses are higher than the normalised

shear stiffnesses for the corresponding probes at higher

effective stresses.
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CHAPTER 8	 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

8.1	 Conclusions for one-dimensional compression and consolidation

During one-dimensional compression and swelling the behaviours

of	 Cowden	 till	 and	 London	 clay	 are	 governed	 by

Equations (2.75) and (2.76) 	 for simple	 shear tests and by

analogous equations for shear box and triaxial tests. The

values of the parameters in these equations measured from

remoulded, reconstituted and undisturbed simple shear and shear

box samples are similar. The normal compression lines

obtained from samples prepared by the different methods and

compressed in the different equipment tend to converge with

increasing effective stresses.

For both Cowden till and London clay the values of the

coefficient of consolidation	 c	 and the values of the

coefficient of permeability k measured from remoulded and

undisturbed simple shear samples are similar to those measured

from undisturbed oedometer samples.

8.2	 Conclusions for critical states

For simple shear tests,	 the critical states on the

Tv'	 plane are described by critical state lines

represented by Equation (2.97).	 The value of	 Pcs'	 is
dependent on whether the sample was sheared under constant

or constant volume condition and on the	 pre-shearing

value of	 OCR.	 The values of the angle of rotation of

principal stresses	 e cs	 f'Or constant volume shearing	 are

significantly higher than that for constant 	 Qvt	 shearing.

The geometry of the	 Mohr's circle of stress shows that the

higher values of	 0cs caused the higher values of	 Pcs'
A theoretical relationship between 	 Pcs'	 and the pre-shearing
value	 of	 K0	 which is a function of	 OCR	 has been

proposed.	 This	 proposed relat ionship,	 represented by
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Equation (2.102),	 gives good predictions of the 	 experimental

results.	 For normally compressed samples the relationship is

better suited for constant 	 o\,'	 shearing than for constant

volume shearing.	 The proposed representation of the	 critical

state	 line	 on	 the	 a-i,' , V	 plane,	 represented	 by

Equation (2.109),	 agrees reasonably well with the experimental

data.	 Using relationships based on	 Equations (2.102) and

(2.109) the normalj.sed critical states can also be predicted.

For triaxial tests, the reconstituted London clay samples

behaved as critical state theory predicts. 	 In each of

compression and extension loading	 a unique critical state

line described by	 Equ'ations (2.93) and (2.94)	 exists and the

values of the critical state	 constants	 M , r and	 ?

have been obtained. When normalised the critical states

become a critical state point for each of compression and

extension.

The shear stresses	 (t')5	 measured from

simple shear tests are lower than	 Cu

Equation (2.96) using	 triaxial test results.

estimated from ø'	 together with simple

v'cs	 and	 are slightly higher than

values of	 (tv')cs	 but are also lower than

from triaxial test results.

constant volume

calculated from

Values of Cu

shear parameters

the corresponding

Cu	 calculated

8.3	 Conclusions for state paths

The general patterns of the state paths obtained from simple

shear tests and triaxial tests are similar. 	 The stress path

for a simple shear test was plotted in terms of	 p'	 and

q' using the relationship represented by	 Equation (3.4)

together with assumptions for 	 °2	 This suggests that the

effective stress paths for simple shear tests and triaxial

tests when plotted together on 	 p' , q'	 plane have different

shapes and reach different states at critical state.

The overall pattern of the normalised state paths for simple
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shear tests and triaxial tests are in agreement with the

critical state model. 	 For simple shear tests, the exact

shapes of the normalised paths for constant o,' 	 tests are

different to those for constant volume tests.	 Therefore, it

has not been possible to identify a unique state boundary

surface.	 Modified Cam-clay gives good predictions of the

Roscoe surface for remoulded Cowden till but not for

remoulded London clay. For triaxial tests on London clay,

the undisturbed samples have significantly lower peak

normalised shear stresses than the reconstituted samples.

8.4	 Conclusions for stjffhesses

For simple shear tests, the tangent shear stiffnesses for

Cowden till and	 London clay decrease with	 OCH and increase

with pre-shearing stresses.	 The tangent shear stiffnesses

obtained from constant	 v'	 shearing	 are the same as those

obtained from constant volume shearing.	 For undrained

triaxial extension tests,	 the	 tangent shear stiffnesses

decrease with	 .	 For London clay, the shear moduli for

undrained triaxial tests	 G	 and the	 shear moduli	 for

constant volume simple shear tests 	 Gus ,	 based on

definitions given by	 Equations (2.53) and (2.56) 	 respectively,

have the same order of magnitude.

For drained loading inside the state boundary surface, the

elastic stress-strain behaviour of undisturbed London clay is

linear and anisotropic. 	 Using	 Equations (2.61a) and (2.61b),

with the elastic parameters	 Ae	 to	 0e	 measured by

constant q' and constant p' stress paths, the elastic

shear strains and elastic volumetric strains caused by drained

stress paths in any direction can be predicted.

Experimental results agree with theoretical predictions that

for normally compressed simple shear and triaxial samples the

variation of normalised tangent shear stiffness with shear

strain is independent of' pre-shearing state. For simple

shear tests, the normalised shear stiffnesses increase with
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OCR and the normalised shear stiffnesses measured from

constant	 ok,'	 shearing are the same as those measured from

constant volume shearing.	 At the same	 OCR	 and shear strain

the normalised stiffnesses of Cowden till are higher than

those of London clay.	 For undrained triaxial tests, the

normalised shear stiffnesses increase with 	 R	 in compression

and decrease with	 R	 in extension.	 For both London clay

and Cowden till,	 the normalised shear moduli for undrained

triaxial tests	 G/(vp')	 have the same order of magnitude

as the normalised shear moduli for constant volume simple

shear tests	 Gus/(vov')

For drained loading inside the state boundary surface, the

normalised tangent shear stiffnesses and normalised tangent

bulk stiffnesses are constants for each path. The normalised

shear stiffnesses decrease with increasing pre-loading effective

stresses.

8.5	 Practical implications of conclusions

Because of the problems with the simple shear apparatus

described in Section 3.3 , simple shear tests are not as

widely used to obtain parameters for design as triaxial

tests.	 The conclusions in	 Sections 8.1 to 8.4	 show that

simple shear tests can be used to measure stiffnesses but

not strengths of soils. Section 8.1 shows that results of

one-dimensional compression and consolidation measured from

simple shear tests can be treated as oedometer test results.

Sections 8.2 and 8.3	 show that the effective stress strength

parameters cs and from simple shear tests are not

soil constants but are dependent on the overconsolidation

ratio of the soil and the drainage conditions during loading.

Also, the shear stresses	 v'cs	 obtained from constant

volume simple shear tests are different to the undrained

shear strengths obtained from triaxial tests.	 Kence, the

simple shear parameters	 cs'	 and	 (Tv')cs	 cannot

be used as strength parameters for a soil except for the

special case when strengths along the horizontal plane are
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required.	 Section 8.4	 shows that the stiffnesses obtained

from simple shear tests and triaxial tests have the same

orders of magnitude. Moreover, the trends of behaviour of

the stiffness parameters for both types of tests are affected

by similar factors including overconsolidation ratio and

current state of the soil. Therefore, the practical

applications of the stiffnesses measured from simple shear tests

are expected to be similar to triaxial tests.

8.6	 Recommendations for further work

The results of this study show that for simple shear tests

the pre-shearing value of OCR	 has important effects on the

critical state and stiffness parameters measured.	 Since most

of the overconsolidated remoulded simple shear samples tested

were normally compressed to ' of 388 kFa before

swelling, a suggestion for further work is to perform more

series of tests on remoulded samples with different values of

vp

The analyses of the simple shear test results in this study

have concentrated mainly on critical states rather than peak

tv t a/ states. More tests on remoulded samples with a

wider and more comprehensive range of OCR values are needed

to study the state boundary surface for overconsolidated

samples.

Further understanding of the behaviour of clays in simple

shear with reference to the critical state model will require

measuring the complete stress states of samples with different

OCR	 values.	 Data from such measurements can lead to

improvements for	 Equations (2.102) and (2.109)	 which	 describe

the effects of OCR on critical states. Also, with the

complete stress states known, the stress paths for simple

shear tests and triaxial tests can be compared on the

p ' , q'	 plane and the stiffness parameters for the two types

of test can be compared directly.
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APPENDICES

APPENDIX A	 Expressions for anisotropic elastic parameters

The elastic parameters	 Ae to De	 of Equations (2.61a) and

(2.61b) have been given by 	 Clinton (1987) as

Ae	
2 12(1+2 vh	 + 1- 'hh'1

L	 E1,'	
(A.1)

Ce	
2 1- vh ' +

-	 Et	 Eb' )	
(A.2)

De	
1-4	 + 2(1- '1hh

E	 i;'t
V

(A.3)

where the elastic parameters 	 E ' , E h'	 Vv h 	 and

Gvh'	 are as defined in	 Section 2.4.1. :

However, only the two parameters	 E'	 and	 vh	 can be

expressed in terms of	 Ae , Be	 and De	 as

9
V	 gAe^ôBe+De
	

(A.4)

g(3Ae + Be)

vh'	 2(gAe + 6ge ^) - 
1	 (A.5)

The parameters	 Eh'	 and	 hh'	 cannot be expressed in terms

of'	 Ae ,	 6e	 and	 De	 separately, but only as

1 - 'hh'	
gAe - l2Be + 4De

(A.6)
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Es	 C5	
(r '-hS	 S

(B.5)

APPENDIX B	 Expressions for normalised tangent stiffness parameters

(a)	 Expressions for the parameters A	 to

For the Roscoe surface, substituting	 Equations (2.130) and (2.131)

into Equations (2.70) and (2.71) and rearranging, the parameters

to	 D 5 	in Equations (2.149) and (2.150) can be obtained as

2t2)
A5	

(tan 2p t_ 
fl 2'

cs	 5 )(tan2p 
'^ 2 t2) + S k 5	(3.1)

cs	 S

? ')- - ________B	
C5 - tan 2p t	 7 ,2

	

CS	 'S
(3.2)

(3-5)(tan2p5'_2?2) 
+ Ic5	 (B.3)Cs	

tan2p5'+

where	 is as defined in Equation (2.127).

For the Hvorslev surface, substituting	 Equations (2.132) and

(2.1 33) into Equations (2.70) and (2.71) and rearranging, the

parameters	 As	 to	 D 5 	in Equations (2.149) and (2.150) can

be obtained as

A5 p5 ' /c -	 -	 (B.4)S	 (1 thS	 5'

ik5\
D5	

- ('_h5 ) L5 (23 '- h5 ) + h5]	 (3.6)
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__	 pt
VP'

(•B.9)

(b)	 Derivation of the relationship between	 ' and v r' for

constant volume tests on normally consolidated samples

Although the critical state model and the normalising of test

data have been described mostly in terms of simple shear

parameters, the derivation here will be given in terms of

the more familiar triaxial parameters so that it can be

followed more easily.	 The same procedures are applicable for

simple shear tests.

The Roscoe surface in the Modified Cam-clay model is

fM 2 + 2t2\
v	 r-)dn p' - (\-/c) ln	

2M2 )	
(B.7)

Differentiating and dividing by v

	

Lv	

[	

1	 1(X-/c)	 2 v?.'

	

- —	 —I	 Lp' + _____ _____	 '	 ( B.8)

	

v	 vp'J	 L	 v	 (M2 + yt2)J

The elastic volumetric strains are given by

Subtracting	 from

	

_____	 (2 ' \ 1 
Z'	 (B.1O)

	

vp' j	
' 

+ L	 V	 +

Multiplying Equation (B.1O) by the flow parameter 2i/(M2_j2)

1(-)(2') 1

Lvp(M2_t2)j	 p' 
+ F	

()(4?2)	

] s
,	 (8.11){v(M2+2 2 )(M2-2' 2)
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The elastic shear strains are given by

/u',z
- 6qt	 (8.12)
vp'

where	 ).4'	 K'/(3G')
	

(3.13)

Adding &E	 to s,

1	 1 6'	 r(-k)(2')1	 p' + [_
,)(4I2)	 1v	 i ,u'i - + I

L	 J p '	 (M2-'2) ]	 [(N2+t2)(M2_t2)j	 (B.14)

To obtain a relationship between	 6p'/p'	 and	 •, using

Equation (8.8), for	 0

-	 r()-/c)(2')1

p '	 - [ X(M2+12)J Pt (B.15).

To obtain a relationship between	 6q'/p'	 and	 ' ,	 using

Equations (2.71),	 (2.1 30) and (2.1 31) in terms of triaxial

parameters, for	 0

-	

E''	

+ 2,tr'21	
(3.16)

p1 - -	 (-)(2')	 I	 p'

Substituting	 Equation (8.15) into	 Equation (B.16) gives

6q'	

[?'(M2_,2) 

+ 2,Y'21

-;-;• -	 )dv2+'2)	 .1	
(3.17)

Substituting	 Equations (B.15) and (8.17) into Equation (3.14) and

rearranging,
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giving

Assuming the ring deforms elastically,

O•t / E

where	 is the tangential strain increment and

Young's modulus of the ring. 	 But,

£(2lTr)	 6r

21Tr	 ;- 
SEr

V	
N2-,2)[,(M2-I?;2)+2k'2] +k(A_/c)(L1.V2)} 

,,v	 (3.18)-

An analogous equation can be written for simple shear tests.

APPENDIX C	 Estimation of inaccuracy in volumetric strain due to

deformation gf reinforced membrane of simple shear

apparatus

The reinforced membrane is considered here as a thin ring with

diameter d , thickness t	 and height h as shown in

Figure C.1 .	 If the internal stress is uniformly distributed

and has a value o.f	 0r	 then the stresses acting on a

diametric cross-section are as shown in Figure C.1(a) 	 where

is the tangential stress in the ring.	 To satisfy

equilibrium	 of' forces,

2 h t o•	 h d
	

(C.1)

For a change of internal stress from
	

to	 r0r

Equation (C.1) becomes

2 h t (o +	 h d °r + S0r)

d / ( 2 t) (C.2)

(C.3)

E is the

(C.4)
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where	 r	 d/2	 and	 is the radial strain increment.

Combining	 Equations (C.2) to (C.4),

Or d / (2 t E)	 (C.5)

The thickness and the Young's modulus of the reinforcement

wire of the standard reinforced membrane	 are given in

Section 5.3.1	 as	 0.15 mm	 and	 152 x 1 3 MPa respectively.

Using these values as	 t	 and	 E	 of the ring, for every

100 kPa	 change of internal stress,	 the	 radial	 strain

increment is given by Equation (C.5) 	 as	 0.018 % .	 This will

give rise to an error 'of 	 0.036 %	 in the volumetric strain

measurement.

Since the radial stress acting on the membrane varied for each

individual test, the inaccuracies involved were test dependent.

The maximum change in vertical stress that occurred during

shearing in any of the tests performed was	 about	 400 kPa.

By taking half of this value	 i.e. 200 kPa	 as the maximum

change in radial stress, the resulting error in volumetric

strain can be expected to be	 0.07 % .	 For tests with less

changes in normal stresses the errors involved were smaller.

APPENDIX D	 Effect of pins on shear strain and slips in simple

shear tests

The effect of the pins on the uniformity of strains was investigated

by Airey (1984) using radiographic techniques. The radiographs

indicated that the uniformity of strains was affected by the pins to

varying degrees depending on the test procedure for shearing, stage

of shearing and the part of the sample considered. In general,

the pins inhibit shear strains over most of their height but the

rest of the sample strained approximately uniformly. No reliable

method for estimating the error involved in the measurement of shear

strains was recommended.
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If it is assumed that the pins prevented any shear strains from

developing over a certain distance from the horizontal boundaries,

then the effect would be to reduce the sample height as illustrated

in Figure D.1 .	 Figure D.2 shows how a typical shear stress

versus shear strain ' curve would be affected by reductions of

effective sample height. It seems that the effects are significant

only at large values of

Slips which occurred in some of the tests might have affected mainly

the shapes of the	 -	 curves obtained.	 In the beginning of'

the study it was not certain what caused the slips. One possible

method for estimating theinaccuracies introduced by slipping is to

choose a test which was affected by slip and repeat the test until no

slip occurs to compare the results.

Later, it was found that, during setting up, by pushing the

pedestal firmly towards the clamping device at the base of the

apparatus in the direction of the applied horizontal load, the

number of slips appeared to be greatly reduced. So, it is possible

that most slips which occurred in the earlier tests were due to

movement of' the pedestal to take up	 slacks between itself and

the clamping device.

APPENDIX E	 Excess pore pressures in simple shear samples during

shearing

In all simple shear tests performed, drainage was allowed all the

time and no back pressure was applied. Therefore, if the pore

pressure in the sample was allowed to come to equilibrium the steady-

state pore pressure was zero. During shearing, changes of total

stresses applied resulted in changes of' pore pressures and, hence,

excess pore pressures in the samples.	 The magnitudes of' these excess

pore pressures depended on the rates at which pore pressures were

generated and the rates at which pore pressures dissipated. 	 The

rates at which pore pressures were generated were controlled by the

204



rate of shearing used and the rates at which pore pressures

dissipated were controlled by the consolidation properties of the

soils and the drainage condition.

Although slower rates of shearing would give rise to smaller excess

pore pressures, it was necessary to have a rate of shearing that

would allow the tests to be completed in a reasonable time. The

purpose of this appendix is to demonstrate that the rate of shearing

used was slow enough to allow the excess pore pressures to dissipate

so that the remaining excess pore pressures were within acceptable

limits. Three methods, one theoretical and two experimental,

were used to assess the excess pore pressures and their effects

on the tests performed.

Method 1

This is a theoretical calculation based on an approach proposed by

Atkinson (1984b). The routine methods for calculating loading

rates given by Bishop and Henkel (1962) are not used here because

they may lead to unnecessarily slow rates for tests in which stress-

strain curves are required.

For a simple shear test in which no dissipation of pore pressure is

allowed, the change of pore pressure is related to changes in

total stresses by an equation of the form

+ 0( 5 £T,	 (E.1)

where	 is an empirical parameter. 	 For a test in which

drainage is allowed, if the total stress increments £0v and

were applied suddenly, the excess pore pressures generated will

be

(1 - Ut)(o + 0(	 (E.2)

where	 lJ	 is the degree of dissipation which varies with elapsed

time t after the stress increments have been applied. The rate at
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which the excess pore pressures dissipate is given by Bishop and

Henkel as

M ti	
(E.3)

1 - U

where 1u depends only on the drainage conditions and t 1 may be

obtained from the results of one-dimensional consolidation using

the J(time) curve fitting method described in Section 2.5.2.

Eliminating	 (1 - Ut)	 from Equations (E.2) and (E.3)

u
-	 ti	

+	 (E.4)-
t

If the value of	 for each increment of total stresses could be

determined, then Equation (E.4) can be used to obtain the

variation of the magnitudes of the excess pore pressures with

time for each increment of total stresses.

Figure E.1 shows how	 can •be determined for three different

types of shearing on three normally consolidated samples with the

same pre-shearing states.	 Figure E.1(a) shows the total stress path

AB and effective stress path AC of a sample sheared undrained with

no dissipation of pore pressures allowed. 	 Since 6oO

Equation (E.1) gives

6u / S1;	 (E.5)

Figure E.1(b) shows the stress paths for a constant volume test with

drainage allowed and zero pore pressure all the time. For this test

the total stress path AC coincides with the effective stress path

which is also the same as the effective stress path for an undrained

test.	 Since	 6u	 0 ,	 Equation (E.1) gives

OCs	 - 0v /	 v	 (E.6)

Figure E.1(c) shows the stress paths for a constant	 test with
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drainage allowed and zero pore pressure all the time. 	 For this test

the total stress path AD coincides with the effective stress path.

Because &u	 0 , the value of	 cannot be determined from

Equation (E.1). It is assumed that during shearing if the test

condition was suddenly changed at any point E from constant o' to

undrained condition, the effective stress increment corresponding to

the total stress increment EF would become EG . 	 The direction of

increment EG would be the same as that of increment HJ of the

effective stress path	 AC for undrained shearing. 	 Furthermore,

as shown in Figure E.1(c), states	 J , G and F have the same

stress ratio and	 states	 H	 and	 E	 have the	 same stress

ratio.	 Since the effective stress path for undrained shearing

coincides with the total and effective stress paths for constant

volume shearing, the effective 	 stress increment	 HJ can be

considered as a total stress increment for constant volume

shearing.	 Hence,	 the value	 of	 for the total stress

increment	 EF	 is the same as that for the total stress

increment	 HJ	 which	 is given by	 Equation (E.6).	 Therefore,

values of	 for increments of total stress along the total

stress path of a constant a' test can be determined from the

total stress path	 of a constant volume test performed on a

sample with the same pre-shearing state.

Method 2

This method requires the carrying out of a separate experiment. In

Figure E.2(a), AB represents the true effective stress path on

v'Tv' plane for a normally consolidated sample sheared under

supposedly constant v' condition. The path is slightly curved

instead of vertical because of the excess pore pressure i5 which are

not measured.	 If shearing is suddenly stopped at point B and the

sample allowed to come to equilibrium, the excess pore pressures

will dissipate and consolidation will take place.	 Also, the shear

stress will drop resulting in path BC. 	 Figure E.2(b) shows the

corresponding path	 A'B t C'	 on ln(Ov_Ei)v plane.	 Assuming that

the drop in shear stress has no effect on the excess pore pressures

and assuming	 B'C' is parallel to the normal compression line,
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&v /	 xs

But,	 ln(o0-)	 -	 /

so,	 - v(o 0_ ) /

and approximating (o-i) to oc,

-	 vo.vo

"S
	 (E.7)

Equation (E.7) gives an estimation of the excess pore pressure

in the sample at B

Method 3

This method involves the shearing of samples with the same pre-

shearing state and OCR at different rates. At the same shear

strain '' , samples sheared at faster rates will have greater

excess pore pressures and lower effective vertical stresses 0v'
Hence, the effects of' the excess pore pressures can be studied by

comparing the results plotted against '

Estimation of excess pore pressures in test UB9 using method 1

Figure E.3 shows the variation of total shear stress	 with

elapsed time after the start of shearing for constant 	 av' test

UB9 .	 The total vertical stress 0v	 remained constant all the

time so that	 was always zero. Because the test was strain

controlled the rate at which 	 changed varied throughout the

test.

The curve in Figure E.3 is approximated to a series of step

increments separated by one hour intervals. Equation (E.4) is used

to calculate the excess pore pressures due to each increment of'
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The value of	 u is 0.42 for drainage from both ends. 	 Results of

one-dimensional consolidation with U	 plotted against ff2	 is
shown in Figure E..	 Using the I(time) curve fitting method the

value of	 t 1 is	 0.8 hr .	 As already described, the values of'

for each increment of 	 can be determined from the total

stress path of the corresponding constant volume test. 	 Figure E.5

shows the total stress path of test	 UB9 and the total stress path

of the corresponding constant volume test UB1O. 	 The stress paths

were divided into the increments defined in Figure E.3. 	 For each

increment along the total stress path of the constant volume test,

the value of oc	 was obtained according to Equation (E.6).

The excess pore pressures due to each 	 increment at hourly

intervals of' elapsed time from the start of shearing were calculated

and tabulated in Table E.1.	 The accumulated excess pore pressures

due to different increments of	 &tv were then added together to

give the excess pore pressures in the sample.

Estimation of' excess pore pressures in test UB9 using method 2

A sample, UB9A , of the same material as sample U39 was

prepared and sheared using the same procedures as for sample

UB9 . After shearing for 2 hr , shearing was suddenly stopped

and changes in readings of proving rings and dial gauges that

followed were recorded. The sample was left overnight for it

to reach equilibrium.

After shearing was stopped, the shear stress 	 decreased from

167 kPa to 125 kPa and the sample consolidated due to the

dissipation of excess pore pressures. 	 The variation of Ut with

/i	 is shown in Figure E.6. 	 The specific volume of the sample

changed from	 1 .768	 to	 1 .765.

For this test, 0vo 	 776 kPa and	 z 0.139 for remoulded samples

of the same material.	 Applying Equation (E.7), the excess pore

pressure	 ii	 at the point when shearing was suddenly stopped

was	 16.7 kPa.
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Remarks

Using Method 1 the excess pore pressures in sample UB9 at 2

and 3 hr after start of shearing were estimated to be	 17.1 and

26.4 kPa respectively.	 By interpolation,	 the excess pore

pressure at 2 hr after start of shearing was 21.8 kPa . 	 Using

Method 2 the excess pore pressure in sample UB9A at 2 hr

after start of shearing was estimated to be 16.7 kPa. The

difference is not large and could be due to Equation (E.3) used

in Method 1 being conservative or the assumption in Method 2 that

the drop in shear strs had no effect on the excess pore

pressures was incorrect.

The order of magnitude of the excess pore pressures estimated by

either method was considered to be acceptable. 	 Test UB9 was one

of the tests performed at the highest cTv' of	 776 kPa so that the

excess pore pressures in this test was expected to be among the

worst.	 Excess pore pressures in the other tests on London

clay should be less.

Estimation of excess pore pressures in test MC9 using method 1

Figure E.7 shows the variation of total shear stress 	 with

elapsed time after the start of shearing for the constant

test MC9 .	 The curve is approximated to a series of step

increments separated by one hour intervals.	 The value of ,u is

0.42 and results of one-dimensional consolidation shown in

Figure E.8 gives t 1	0.3 hr . The value of	 for each increment

of	 defined in Figure E.7 were obtained from the total stress

paths for tests MC9 and MC1O shown in Figure E.9.

The excess pore pressures due to each 	 increment at hourly

intervals of elapsed time from the start of shearing were calculated

and tabulated in Table E.2.	 The accumulated excess pore pressures

due to various increments of 	 were added together to give the

excess pore pressures in the sample.
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Remarks

The order of magnitude of the excess pore pressures estimated was

considered to be acceptable. Since test MC9 was one of the tests

performed at the highest o' of 776 kPa , other tests on Cowden

till were expected to have less excess pore pressures.

The effects of excess pore pressures in test MB1 observed by Method 3

The pre-shearing state of the normally compressed remoulded brown

London clay sample MB1 which was sheared at constant 	 is

given in Table 6.7.	 It has been stated in Section 5.10.3	 that

all samples were sheared at a rate of 0.52 mm/hr . 	 A remoulded

brown London clay sample, called MB1A , with the same pre-

shearing state and OCR	 as sample MB1 was prepared.	 Sample

MB1A was also sheared under constant	 condition but at a

slower rate of	 0.12 mm/hr .	 The only difference between test

MB1 and	 MB1A was the different rates of' shearing used.	 The

results obtained from these two tests are compared in

Figure E.10.	 Since the data were recorded manually,	 during

the slower test MB1A no data was recorded overnight. This is

indicated by the broken line sections of the curves.

Figure E.10(a) shows that the maximum difference in shear

stress tv'	 between the two curves is	 5 kPa	 and at '	 22 %

the difference in	 tv' is 3 kPa .	 Figure E.1O(b)	 shows that

at	 '	 22 %	 the difference in 	 is 0.4 %

The comparison shows that even though sample MB1A was sheared at a

rate over 4 times as slow as the rate used for sample MB1

the differences in the shear stresses and volumetric strains

measured are small.	 It can be concluded that the effects of excess

pore pressures on samples sheared at 0.52 mm/hr are acceptably

small.
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(after Ng, 1988)
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Vertical Horizontal Volumetric	 Shear
Sources of	 stress	 stress	 strain	 strain
inaccuracies

(kPa)	 (kPa)	 (%)	 (%)

Hysteresis	 ± 2	 ± 2	 -

Friction	 + 2	 ± 1	 -	 -

Shear stiffness
of membrane	 -	 ± 2	 -

Radial defor
-mation of mem	 -	 -	 ± 0.07	 -

-brane

Effect of pins	 -	 -	 ± 0.01	 uncertain

Overall	 ± 4	 ± 5	 ± 0.08	 uncertain

Table 5.1	 Summary of estimated maximum values for inaccuracies
in NGI simple shear apparatus

Deviator	 Pore & cell	 Axial	 Volumetric
stress	 pressures	 strain	 strain

u and r	 Ea

Working range	 ±700kPa	 0-1000kPa	 0-25%	 0-44%

Transducer
output (mV)	 ±20	 0-100	 0-40	 0-40

Analogue in
-put channel	 ^20	 ±160	 ±40	 +40
range (mV)

Resolution	 0.O4kPa	 0.lOkPa	 0.002%	 0.003%

Table 5.2	 Resolutions of measurements obtained by stress path
testing equipment for samples with 38 mm diameter



Deviator Pore & cell	 Axial	 Volumetric
Sources of	 stress	 pressures	 strain	 strain
inaccuracies

ar	 u and 0r	 Ea

(kPa)	 (kPa)	 (%)	 (%)

Hysteresis	 ± 1 .5	 ± 0.5	 ± 0.01	 *

Drift	 ± 1.0	 ± 0.5	 0	 ± 0.02

Noise	 ± 1.0	 ± 1.0	 ± 0.01	 ± 0.01

Overall	 ± 3.5	 ± 2.0	 ± 0.02	 ± 0.03

See Section 5.4.2

Table 5.3	 Typical values of inaccuracies of measurements
obtained by stress path testing equipment for
samples with 38 mm diameter

Deviator	 Pore & cell	 Axial	 Volumetric
stress	 pressures	 strain	 strain

u and ar	 Ea

(kPa)	 (kPa)	 (%)	 (%)

Resolution	 0.8	 0.8	 0.027	 0.008

Inaccuracies: -

Hysteresis	 ± 1.5	 ± 0.5	 ± 0.01	 ± 0.01

Drift	 ± 1.0	 ± 0.1	 ± 0.01	 ± 0.01

Noise	 ± 0.5	 ± 0.1	 0	 0

Overall
inaccuracies	 ± 3.0	 ± 0.7	 ± 0.02	 ± 0.02

Table 5.4	 Resolutions and typical values of Inaccuracies of
measurements obtained by stress path testing
equipment for samples with 100 mm diameter



	

Test	 Borehole	 Sample	 Depth below

Soil	 no.	 no.	 tube no.	 ground level

(m)

UC1-CJC8	 S100	 8	 8.1 - 8.8

Cowden	 UC9-13C12	 S100	 12	 11.6 - 12.2

till	 BUC3-BUC6	 1	 4	 6.3 - 6.5

80C7&BUC8	 1	 5	 7.1 - 7.2

_________	 -1 ___________________________________

UB1-UB1O	 596/100	 8	 5.0 - 5.6

	

TUB1	 -	 2	 6.1 - 6.7
London

BtJB9-BUB15	 1	 9	 5.7 - 6.1
clay

BVB16	 1	 10	 6.4
(brown)

BUB18-BUB24	 1	 12	 7.7 - 8.0
(excluding

BtJB21)

UL1-UL7	 596/101	 2	 9.7 - 10.3

UL8&UL9	 596/101	 4	 11.1 - 11.7

London	 UL1O	 596/101	 5	 11.7 - 12.1

clay	 TUL1	 1	 1	 9.0 - 9.6

(blue)	 TUL2	 -	 4	 11.2 - 11.8

TUL3	 1	 2	 9.8 - 10.4

TUL4	 -	 3	 10.5 - 11.1

TUL5	 596/100	 13	 8.1 - 8.5

Table 5.5	 Borehole numbers, sample tube numbers and depths
of undisturbed samples



Sequence and values of

Sample no.	 vertical stresses applied

(kPa)

MCi	 Ccl	 ML1	 MEl	 388

MC2 CC2 ML2 MB2	 388 194

MC3 CC3 ML3 MB3	 388	 97

MC4 CC4 ML4 MB4	 388	 49

MC5 CC5 ML5 MB5	 388

MC6 CC6 ML6 M86	 388	 194

MC7 CC7 ML7 MEl	 388	 97

MC8 CC8 ML8 M68	 388	 49

MC9	 MC1O CC9 ML9	 39	 97	 194	 291	 388 582 776

ML1O

MB9	 97	 194	 291	 388	 582	 776

CC1O	 39	 97	 194	 291	 388	 582	 776	 388

	

_____________________ 194 	 97	 49

MB1O	 97	 19 L 	291	 388	 582	 776	 582	 388

	

194	 97	 49

(JC1	 UC5	 tJLi	 tJL5	 388

[JC2	 006	 tJL2	 UL6	 194

UC3 UC7	 UL3	 0L7	 97

087	 97

(3C4	 008	 0L4	 UL8	 49

034	 tJ38	 49

031	 035	 39	 97	 194	 291	 388

032	 39	 97	 194

1J33	 39	 97

036	 97	 194

0C9	 97	 194	 388	 582

0L9	 0B9	 39	 97	 194	 291	 388	 582	 776

UC1O UB1O	 97	 194	 388	 582	 776

UL1O	 776

UC11	 582

UC12	 388 776

Table 5.6	 Sequence and values of vertical stresses applied on

simple shear samples during one-dimensional compression



In
N

	

N	 (N	 N

In

	

In	 W

c

o	 -ii

:

N
i:1

'.0
N

'.0	 CD

'.0
N	 N

	

IC)	 r-1	 N
>g	 S

Z	 i-I	 0\

z.

>1	 >1

	

r-4	 (j
rl	 r-I

-
"-I
o	 V
(I)

8

Table 6.1	 Results of classification tests



in
I	 I	 I	 I	 I	 I	 C)	 I

N
0

	

z	 I	 I	 I	 I	 I	 C)	 I

r1

N

C

Lii	 C)
N

I	 C)	 C)	 CD	 I	 S	 I

C)	 C)	 C)

.
o'	 m
a.'	 I	 I	 Co	 I	 I	 I

N

Cl)	 m	 C)
Co	 in
C)	 I	 I	 I	 I	 I	 I
C)	 C)

C)	 C)	 N	 C)
	U)	 N

C)	 C)	 C)	 C)	 C)	 C)	 I	 C)

C	 C)	 C)	 C)	 C)

a)
(I)	 N	 in	 in

	U)	 a.'	 N	 N

	

Z	 Co	 C)	 I	 N	 I	 ".0	 I	 I

C	 N

01
in	 0.'	 in

Cl)	 U)	 N	 Co

	

1<	 I	 S	 I•t
C)	 C)	 C)	 C)

rj3	 r

a)	 4Jr?
r4	 r-4	 Cf)Q)	 -l-)i	 4-)j	 COW	 4J

J

.1-)	O4-	 I	 til	 8.
Cl	 WI	 WI	 I

-	 l).)	 r4	 O'j	 0>ill)rr	 r1
0	 I
Cl)	 4J	 ).Q

U

Table 6.2	 Summary of one-dimensional compression and swelling
parameters



Sample	 Change in	 t1	 c	 k

no.	 type	 (x03	 (x09	 (xl02
(kPa)	 m /kN)	 (mm)	 m /s)	 m/s)

M9	 39 to 97	 0.44	 9	 110	 472

IC9	 97 to 194	 0.29	 9	 104	 294

1C9	 194 to 291	 0.18	 25	 35	 63

	

291 to388	 0.11	 36	 24	 25

MC9	 388 to 582	 0.12	 16	 52	 62

MC9	 582 to 776	 0.067	 25	 32	 21

MC1O Rernoulded	 39 to 97	 0.42	 9	 113	 464

MC1O	 97 to 194	 0.24	 9	 107	 256

MC1O	 194 to 291	 0.16	 25	 37	 56

MC10	 291 to 388	 0.14	 36	 25	 35

MOlO	 388 to 582	 0.11	 16	 54	 59

MC1O	 582 to 776	 0.078	 25	 33	 25

t1C9	 97 to 194	 0.056	 4	 269	 149

UC9	 194 to 388	 0.060	 4	 266	 157

UC1O Undistur	 97 to 194	 0.056	 4	 265	 146
-bed

ucla	 194 to 388	 0.060	 4	 262	 154

ucla	 388 to 582	 0.043	 9	 114	 48

Table 6.3	 Results of one-dimensional consolidation for Coen
till simple shear samples



Sample	 Change in	 m	 t1	 c,	 1<

no.	 type	 (x103	 (x109	 (x102

(kPa)	 ni2/kN)	 (mm)	 m2is)	 mis)

MB9	 97 to 194	 0.26	 36	 30	 74

MB9	 194 to 291	 0.21	 64	 16	 33

MB9	 291 to 388	 0.18	 100	 9.6	 17

MB9	 388 to 582	 0.16	 81	 12	 18

MB9	 Remoulded	 582 to'776	 0.10	 144	 6.0	 6.1

MB1O	 291 to 388	 0.19	 121	 7.3	 14

MB1O	 388 to 582	 0.17	 81	 11	 18

MB1O	 582 to 776	 0.11	 121	 6.6	 7.3

MElO	 776 to 582	 0.020	 25	 30	 5.9

UB1	 39 to 97	 0.12	 36	 30	 37

UB1	 97 to 194	 0.20	 49	 22	 43

UB1	 194 to 291	 0.13	 64	 16	 21

UB1	 291 to 388	 0.11	 81	 12	 14

UB2	 39 to 97	 0.12	 49	 22	 26

UB2	 97 to 194	 0.15	 49	 22	 32

UB3	 39 to 97	 0.16	 36	 31	 50

UB5	 39 to 97	 0.13	 36	 29	 37

tJB5	 Undistur	 97 to 194	 0.17	 49	 21	 35

tJB5	 -bed	 194 to 291	 0.13	 64	 15	 19

UB5	 291 to 388	 0.099	 64	 15	 15

UB9	 39 to 97	 0.12	 36	 31	 37

UB9	 97 to 194	 0.17	 36	 30	 49

U39	 194 to 291	 0.13	 49	 21	 26

UB9	 291 to 388	 0.093	 49	 21	 19

U39	 388 to 582	 0.083	 49	 20	 17

U89	 582 to 776	 0.065	 64	 15	 9.5

Table 6.4	 Results of one-dimensional consolidation for London

clay (brown) simple shear samples



Sample	 Change in	 m	 t1	 c	 k

V	 -3	 -a	 -12
no.	 type	 (xlO	 (xlO '	 (xlO

(kPa)	 m /k1)	 (mm)	 m2/s)	 m/s)

ML2	 Remoulded	 291 to 388	 0.20	 144	 6.1	 12

ML3	 Remoulded	 291 to 388	 0.18	 121	 7.4	 13

UL9	 39 to 97	 0.13	 25	 48	 63

UL9	 97 to 194	 0.17	 36	 33	 53

UL9	 Undistur	 194 to 291	 0.12	 64	 18	 21

-bed
UL9	 291 to 388	 0.10	 64	 17	 17

UL9	 388 to 582	 0.073	 49	 22	 16

UL9	 582 to 776	 0.062	 64	 17	 10

Table 6.5	 Results of one-dimensional consolidation for London
clay (blue) simple shear samples



Sample	 States before shearing

Type of

no.	 type	 v0	 OCR

shearing

(kPa)

MCi	 388	 1.474	 1

MC2	 194	 1.480	 2

MC3	 97	 1.486	 4	 Constant

MC449	 1.493	 8	 ________________

MC5	 Remoulded	 388	 1.474	 1

MC6	 194	 1.480	 2

MC7	 97	 1.486	 4	 Constant volume

MC849	 1.493	 8	 ________________

MC9	 776	 1.425	 1	 Constant

MC1O	 776	 1.425	 1	 Constant volume

Ccl	 388	 1.517	 1

CC2	 194	 1.523	 2	 Constant

CC3	 97	 1.532	 4

CC I+	 49	 1.539	 8	 ________________

CC5	 Reconstituted	 388	 1.517	 1

CC6	 194	 1.523	 2	 Constant volume

CC7	 97	 1.532	 4

CCS49	 1.539	 8	 ________________
CC9	 776	 1.458	 1	 Constant

CC1O	 49	 1.488	 16	 Constant

IJC1	 388	 1.430
UC2	 194	 1.444	 Constant tD

UC3	 97	 1.458

UCA 4 9	 1.471	 ________________

UC5	 388	 1 .430

UC6	 Undisturbed	 194	 1.444	 Constant volume

UC7	 97	 1.458
UC849	 1.471	 ________________

tJC9	 582	 1 .422	 Constant

UClO	 776	 1.416	 Constant

UC11	 582	 1.422	 Constant volume

UC12	 776	 1.416	 Constant volume

Table 6.6	 Summary of states before shearing and type of

shearing for Cowderi till simple shear samples



Sample	 States before shearing

Soil	 Type of

	

O o	 v0	 OCR
no.	 type	 shearing

(kPa)

MB1	 388	 1.916	 1
MB2	 194	 1.940	 2	 Constant
MB3	 97	 1.966	 4
MB449	 1.991	 8	 ________________
MB5	 388	 1.916	 1
MB6	 Remoulded	 194	 1.940	 2	 Constant volume
MB?	 97	 1.966	 4
MB849	 1.991	 8	 ________________
MB9	 776	 1 .820	 1	 Constant

London	 MBl0	 49	 1.930	 16	 Constant volume

clay
tJB1	 388	 1.818

(brown)	 UB2	 194	 1.858	 Constant
UB3	 97	 1.903
MB4 - 49	 1.945	 ________________
tJB5	 Undistur	 388	 1.818
UB6	 -bed	 194	 1.858	 Constant volume
UB7	 97	 1.903
UB849	 1.945	 ________________
UB9	 776	 1 .775	 Constant
UB1O	 776	 1.775	 Constant volume

ML1	 388	 1 .870	 1
ML2	 194	 1.886	 2	 Constant
ML3	 97	 1.907	 4
ML449	 1.927	 8 _______________
ML5	 388	 1 .870	 1
ML6	 Remoulded	 194	 1.886	 .2	 Constant volume
ML?	 97	 1.907	 4
ML849	 1.927	 8 _______________
ML9	 776	 1 .777	 1	 Constant

London	 ML1O	 776	 1.777	 1	 Constant volume

clay
UL1	 388	 1 .761

(blue)	 UL2	 194	 1.790	 Constant
UL3	 97	 1.821
UL449	 1.851	 ________________
UL5	 tindistur	 388	 1 .761
UL6	 -bed	 194	 1.790	 Constant volume
(JL7	 97	 1 .821
UL849	 1 .851	 _________________
UL9	 776	 1 .731	 Constant
UL1O	 776	 1.731	 Constant volume

Table 6.7	 Summary of states before shearing and type of shearing
for London clay simple shear samples



Sample	 States before shearing

Soil

v0	 OCR

no.	 type

(kPa)

BUC3	 100	 1.538

BUC4	 300	 1 .488

BUC5	 Undisturbed	 400	 1.475

BUC6	 500	 1 .465

Cowden	 BUC7	 50	 1.569

till	 BUC8 __________	 209	 1.505

BMC25	 50	 1.660	 1

BMC26	 100	 1.611	 1

3MC27	 Remoulded	 204	 1.552	 1

BMC28	 400	 1 .496	 1

BUB9	 100	 1.956

BUB1O	 300	 1.876

BUB11	 200	 1.905

BUB12	 400	 1 .855

BUB13	 50	 2.006

BUB14	 400	 1.855

BUB15	 Undisturbed	 50	 2.006

London	 BUB16	 200	 1.905

clay	 BUB18	 200	 1.905

(brown)	 BUB19	 100	 1.956

BUB2O	 300	 1.876

BU322	 400	 1 .855

BUB23	 200	 1.905

BU324____________	 400	 1 .855

BMB1	 Remoulded	 205	 2.036	 1

BMB2	 Remoulded	 413	 1 .930	 1

B1B3	 Remoulded	 802	 1.831	 1

Table 6.8	 Summary of states before shearing for Cowden

till and London clay (brown) shear box samples



States before shearing
Sample	 Type of
no.	 p	 q	 R

loading
(kPa)	 (kFa)

TCLT	 284	 173	 1 .952	 1

TCL2	 146	 16	 1.988	 2

TCL3	 73	 -26	 2.025	 4	 compression

TCL4	 380	 230	 1 .896	 1

TCL5	 445	 270	 1 .866	 1

TCL6	 284	 173	 1.952	 1

TCL7	 136	 5	 1.992	 2

TCL8	 73	 -26	 2.025	 4	 extension

TCL9	 370	 225	 1 .902	 1

TCL1O	 420	 254	 1.877	 1

Table 6.9	 Summary of states before undrained shearing
of' 38 mm reconstituted triaxial samples of
London clay (blue)

States before shearing
Sample	 Type of

	

no.	 v0
loading

(kPa)	 (kPa)

	

TUL1	 167	 -100	 1.787	 compression

	

TUL2	 250	 -150	 1.795	 compression

	

TUL3	 167	 -100	 1.791	 extension

	

TUL4	 250	 -150	 1.809	 extension

Table 6.10	 Summary of states before undrained shearing
of 100 mm undisturbed triaxial samples of
London clay (blue)



States before probing
Drained

Soil	 Sample Probe	 p	 v0	 or
no.	 Undrained

	

(kPa)	 (kPa)

O'B'	 100	 0	 1.872

O'C'	 100	 0	 1.884

O'E'	 100	 0	 1.880

O'F'	 100	 0	 1.886

London	 O'H'	 100	 0	 1.883	 Drained

clay	 TUB1	 O'J'	 100	 0	 1.886

(brown)	 O'L'	 100	 0	 1.887

O t M'	 100	 0	 1.886

O t P'	 100	 0	 1.890

A C	 213	 0	 1.809	 Undrained

A'E'	 200	 0	 1.812

A'F'	 200	 0	 1.812

A'H'	 200	 0	 1.812

London	 A'J'	 200	 0	 1.817

clay	 TUL5	 A'L'	 200	 0	 1.812	 Drained

(blue)	 A'M'	 200	 0	 1.821

A'P'	 200	 0	 1.812

A'Q'	 200	 0	 1.820

A'S'	 200	 0	 1.814

Table 6.11	 Summary of states before probing for 100 mm
undisturbed triaxial samples of London clay



Sample	 Peak	 states	 Critical states

(T )	 (o ),	 VP	 (T.. cs (0 )
no.	 type

(kPa)	 (kPa)	 (kPa)	 (kPa)

MCi	 -	 -	 -	 158	 387	 1.425
MC2	 -	 -	 86	 200	 1.467
MC3	 -	 -	 -	 50	 99	 1.498
14	 34	 51	 1.505	 32	 51	 1.517
I5 Remoulded	 -	 -	 -	 -	 -	 -
M6 -	 1	 -	 -	 -	 -

rC7	 -	 -	 -	 65	 133	 1.486
M8	 -	 -	 54	 107	 1.494
MC9	 -	 -	 -	 281	 770	 1.382

10	 -	 -	 -	 171	 397	 1.422

Ccl	 -	 -	 -	 141	 383	 1.457
CC2	 -	 -	 -	 84	 198	 1.510
CC3	 -	 -	 -	 51	 100	 1.549
CC4	 38	 50	 1.550	 32	 50	 1.562
CC5 Reconsti	 -	 -	 -	 -	 -	 -
CC6	 -tuted	 -.	 -	 -	 -	 -
CC7- -	 -	 -	 -
CC8- -	 -	 -	 -	 -
CC9	 -	 -	 -	 266	 770	 1.404
CC10	 40	 51	 1.502	 33	 51	 1.512

UC1	 -	 -	 -	 176	 387	 1.416
UC2	 -	 -	 106	 198	 1.450
UC3	 57	 97	 1.460	 55	 97	 1.458
UC4	 36	 51	 1.481	 33	 51	 1.482

	

-	 -	 -

UC6 Undistur	 -	 -	 -	 116	 216	 1.444
uc7	 -bed	 -	 -	 -	 75	 129	 1.458
UC8	 -	 -	 -	 46	 74	 1.471
UC9	 -	 -	 -	 241	 578	 1.402
uclo	 -	 -	 -	 295	 773	 1.390
ucil -	-	 -	 -	 -	 -
UC12	 -	 -	 -	 -

Table 7.1	 Peak arid critical states for simple shear tests on
Cowden till



Sample	 Peak (T'/o) states	 Critical	 states

no.	 type	 (T ) (O )	 v	 (T Cs (' ) Cs vCs

(kPa) (kPa)	 (kPa)	 (kPa)

MB1	 -	 -	 -	 103	 380	 1.875

MB2	 77	 201	 1.943	 57	 201	 1.929

MB3	 57	 103	 1.972	 32	 103	 1.973

MB4	 40	 ' 53	 1.997	 24	 53	 2.008

I5

	

	 -	 -	 -	 71	 205	 1.914
Rernoulded

M86	 -	 -	 -	 52	 155	 1.939

MB7	 60	 139	 1.966	 39	 108	 1.966

MB8	 40	 76	 1.991	 28	 62	 1.991

M39 -	-	 -	 -	 -	 -

ME1O	 49	 90	 1.930	 35	 84	 1.930

tJB1	 -	 -	 -	 111	 387	 1.788

UE2	 84	 196	 1.854	 71	 196	 1.853

tTB3	 -	 _	 -	 53	 98	 1.903

tJB4	 43	 54	 1.951	 -	 -	 -

UB5	 Undistur	 127	 310	 1.817	 -	 -	 -
-bed

UB6	 98	 184	 1.858	 -	 -	 -

UB7	 68	 116	 1.903	 56	 112	 1.903

UB8	 45	 72	 1.945	 37	 70	 1.945

UB9	 241	 772	 1.768	 -	 -	 -

UB1O -	-	 -	 -	 -	 -

Table 7.2	 Peak and critical states for simple shear tests
on London clay (brown)



Sample	 Peak (Tj /o ) states	 Critical states

no.	 type	 (T: ) p ( 0 ) p	 Vp	 (Tj cs (' Cs

(kPa)	 (kPa)	 (kPa)	 (kPa)

.1Ll	 -	 -	 -	 103	 381	 1.822

I1L2	 74	 200	 1.888	 62	 200	 1.874

ML3	 56	 103	 1.915	 37	 103	 1.915

	

41	 ,5l	 1.937	 -	 -	 -

	

-	 72	 201	 1.868
Reinoulded

ML6	 -	 -	 -	 64	 176	 1.886

ff7	 -	 -	 -	 45	 108	 1.907

	

45	 89	 1.927	 34	 74	 1.927

I1L9	 -	 -	 -	 192	 770	 1.727

M[110	 -	 -	 -	 -	 -	 -

UL1	 -	 -	 -	 152	 387	 1.746

TJL2	 -	 -	 -	 90	 196	 1.791

UL3	 70	 99	 1.826	 -	 -	 -

UL4	 45	 52	 1.862	 35	 52	 1.873

UL5	 Undistur	 -	 -	 -	 123	 284	 1.760
-bed

tJL6	 111	 222	 1.790	 -	 -	 -

UL7	 71	 133	 1.821	 60	 119	 1.821

UL8	 48	 84	 1.851	 44	 97	 1.851

UL9	 -	 -	 -	 206	 774	 1.678

tiLlO	 -	 -	 -.

Table 7.3	 Peak and critical states for shnple shear tests
on London clay (blue)



Sample	 Peak (T/o ) states	 Critical states

no.	 type	 (	 ) (O )	 v	 (T ) Cs (' ) Cs

(kPa)	 (kPa)	 (kPa)	 (kPa)

BtJC3	 65	 103	 1.530	 55	 115	 1.528

BtJC4	 -	 -	 -	 157	 365	 1.469

BUC5 tJndistur	 -	 -	 -	 254	 498	 1.456
-bed

B[JC6	 -	 -	 -	 325	 617	 1.440

BUC7	 49	 52	 1.562	 41	 62	 1.571

BUC8 -	-	 -	 -	 -	 -

BMC25	 35	 52	 1.639	 38	 61	 1.632

1v26	 -	 -	 -	 71	 123	 1.579
Rerrulded

-	 -	 132	 246	 1.518

BMC28	 -	 -	 -	 243	 489	 1.464

Table 7.4	 Peak arid critical states for shear box tests
on Coen till



Sample	 Peak (D,' /o ) states 	 Critical states

no.	 type	 ) , (O )	 v	 Cs Vcs

(kPa)	 (kPa)	 (kPa)	 (kPa)

BUB9	 78	 104	 1.945	 -	 -	 -

BUB1O	 143	 312	 1.844	 -	 -	 -

BtJB1I	 112	 209	 1.878	 87	 247	 1.865

BtJB12	 207	 20	 1.824	 -	 -	 -

BtJB13	 46	 51	 1.968	 -	 -	 -

BtJB14	 175	 415	 1.833	 117	 494	 1.818

BUB15 Undistur	 46	 51	 2.005	 44	 62	 2.009
-bed

BUB16	 98	 205	 1.898	 57	 250	 1.896

BUB18	 112	 205	 1.891	 -	 -	 -

BUB19	 85	 103	 1.943	 50	 122	 1.942

BUB2O	 170	 315	 1.846	 -	 -	 -

BUB22	 176	 414	 1.839	 121	 498	 1.834

BUB23	 113	 206	 1.896	 76	 248	 1.896

BUB24	 215	 418	 1.841	 144	 494	 1.832

BMB1 Renxulded	 -	 -	 -	 56	 221	 2.005

BMB2 Remoulded	 -	 -	 -	 101	 442	 1.905

BMB3 Rerroulded	 -	 -	 -	 171	 858	 1.809

Table 7.5	 Peak and critical states for shear box tests
on London clay (brcMn)



Peak q'/p' states	 Critical states
Saniple

I	 I	 I

	

Ppeak Vak	 Pcs

(kPa)	 (kPa)	 (kPa)	 (kPa)

tIL1	 -	 -	 -	 192	 217	 1.952
T12	 195	 177	 1.988	 -	 -	 -
TcL3	 118	 92	 2.025	 -	 -
T14	 -	 -	 256	 299	 1.896
T5	 -	 -	 -	 295	 345	 1.866

'1L6	 -	 -	 -	 -167	 202	 1.952
TCL7	 -148	 160	 1.992	 -
T8	 -106	 110	 2.025	 -	 -	 -
'IU.,g 	-	 -	 -	 -208	 274	 1.902
TcL1O	 -	 -	 -	 -236	 316	 1.877

Table 7.6	 Peak and critical states for stress path tests on

38 nirn reconstituted London clay (blue) samples

Peak q'/p' states

Sample

Ieak Pak Vpeak

(kpa)	 (kpa)

¶tUL1	 152	 158	 1.787

TUL2	 171	 196	 1.795

¶flJL3	 -159	 203	 1.791
TtJL4	 -205	 278	 1.809

Table 7.7	 Peak states for stress path tests on

100 mm undisturbed London clay (blue)

samples
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Table 7.8	 Estimation of O. values for undisturbed
simple shear and shear box samples
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Elapsed time after start of shearing (hr)

1
	

2	 3	 4	 5	 6	 7	 8	 9	 10

0
	

0	 0	 0	 0	 0	 0	 0	 0	 0

17.1	 5.7	 3.4	 2.4	 1.9	 1.5	 1.3	 1.1	 1.0

20.7	 7.2	 4.3	 3.1	 2.4	 1.9	 1.6	 1.4

26.7	 8.9	 5.3	 3.8	 2.9	 2.4	 2.0

17.8	 5.9	 3.5	 2.5	 1.9	 1.6

4.3	 1.4	 0.8	 0.6	 0.4

8.5	 2.8	 1.7	 1.2

12.8	 4.3	 2.5

12.8	 4.3

8.5

0	 17.1 26.4 37.3 33.4 20.5 21.1 25.0 26.4 22.9

Table E.1
	

Excess pore pressures in simple shear sample tJB9 during
shearing

Elapsed time after start of shearing (hr)

2	 3	 4	 5	 6	 7	 8	 9	 10

8.1	 2.7	 1.6	 1.1	 0.9	 0.7	 0.6	 0.5	 0.4	 0.4

	

21.6	 7.2	 4.3	 3.0	 2.4	 1.9	 1.6	 1.4	 1.2

	

19.2	 6.4	 3.8	 2.7	 2.1	 1.7	 1.4	 1.2

	

17.2	 5.7	 3.4	 2.4	 1.9	 1.5	 1.3

	

15.6	 5.2	 3.1	 2.2	 1.7	 1.4

9.3	 3.1	 1.8	 1.3	 1.0

	

10.8	 3.6	 2.1	 1.5

3.6	 1.2	 0.7

3.6	 1.2

0

8.1 24.3 28.0 29.0 29.0 23.7 24.0 16.9 14.6 	 9.9

Table E.2
	

Excess pore pressures in simple shear sample MC9 during

shearing
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Figure 2.1	 Two-dimensional stresses and strains
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Figure 2.2	 Pure shear strain and engineer's shear strain

Figure 2.3	 Mohr's circles of stress and strain

Figure 2.4	 External loads, boundary displacements and increment
of simple shear strain
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Figure 2.5	 Stresses in simple shear sample

Figure 2.6	 Mohr's circle of stress for simple shear sample

Figure 2.7	 Planes subjected to maximum stress ratio
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Figure 2.8	 Strain increments of simple shear sample

(a) compression

I-	 -

(b) dilation

Figure 2.9	 Mohr's circles of strain increment for
simple shear sample



Figure 2.10	 Directions of zero strain increment
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Figure 2.11	 Mohrts circle of strain increment
for constant volume shearing

Figure 2.12	 Mohr's circle of stress increment for
an isotropic elastic simple shear sample
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Examples of stress-strain behaviour of
purely plastic soils

Figure 2.14	 Yield curves at different specific volumes
for a purely plastic soil
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Figure 2.15	 Projection of yield cl,lrves on p',q'plane
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Figure 2.17	 Elastic walls of an elasto-plastic soil
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Figure 2.18	 The complete state boundary surface

(after Atkinson and Bransby, 1978)
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Figure 2.22	 Critical state lines for simple shear tests
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Landva, 1966)

(c) Cambridge (Roscoe,1953)	 (d) Cambridge (Bassett,
1967)

Figure 3.2.	 BasiC designs of simple shear apparatus
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Figure 3.2	 Arrangement of load cells in cambridge simple
shear apparatus (after Wood et al,198O)
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Pattern of non-uniform stress distributionFigure 3.3
due to lack of complementary shear stress



0•9

8

07

06

05

0•4

03

02

0•I

0

-0•

- o.a

-03

-04

-05

C

0

0

0
In
'U
0

0
I-.

Curve (3): normal stresses for
top boundary.

Curve (4) : normal stresses for
bottom boundary.

Curve (5): shear stresses for
top and bottom
boundaries.

COMPRESSJOM - — TMt VALUE5 OF

CUVf 6	 CVT7 X..6	 Curves (5) and (7): normal stresses
CURVI 7	 - CUtt	 X •	 for ends of sample.
- -2 -$ 0 'I •2 3

Figure 3.4
	

Stress distributions on simple shear sample
calculated by mathematical analyses
(after Roscoe 4 1953)
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Stress dIstributions on simple shear sample
calculated by finite element analyses
(After Lucks et al,1972)
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Figure 3.8 Three areas of a simple shear sample



r-.	 I

I	 I___H___
0	 0	 0 0

	

N	 ,-

4
I
I

I

I,

ii

4

II

'I

II

•1

II

II

(U
a)

U)

C)

	

I-I	 I-I

	

0	 -
>1
a)

--I
(U

4.)
U)

U)
o a)
o H

	

o	 'U
U)

H
H

0

'U

'0

a)
U)
U)
a)

0

	

-1	 >1

	

CU	 H

	

C)	 H

.	 (U

	

U)	 E

	

-,•	 0
b

	

•I-	 0

'U '0
4.)
U) H

	o 	 4.)
0

1-4
'U

	

.-•	 .1-I
0

.1-i
I-i

C)
.0

0
0

U)
0
o 0

	

-I	 d

	

U)	 4.)

	

U)	 i
C)

	

)-,	 •-I
0..

	

E	 .I-)

	

o	 U)

	

0	 •I
'0

-4
(U U)

	

0	 CC
o a)

	

•1-4	 4

	

U)	 4)

	

0	 Cl)
a)
E

'0

C)
0
0

	

I.,	 a)

	

a)	 )•1
4)

	

4-,	 0
'U

11..

'U

0
0

0
0

0 0
0 .-

U	 I,

?

S	 I

..'	 I

•1

I.

.5

:'

:.

.5	
S

•1

•I

I.

&	 •I

•.

L	 •	 t•.
•.I

o 0 00 0 0
0 0	 0 0

,-	 C...,

0.

r

0- 0

Q.
a.

-_-J L-
'K	 'e	 0	 0 0	 0	 0	 00	 0	 0	 0	 0	 0(fl	 (j	 CI	 In



C.

'-5

1ole br planes	 _________

r# _lO

S

I—

I ----

la

Il II	 IIIIItIi

plus rotation

3&
(k)

20-

measured at horizontal
boundary

0 T at sample core

01	 02	 03

Figure 3.10	 Comparison of average and sample core shear
stresses in a constant c test (Airey,1984)
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Figure 3.12	 Results of an undrained simple shear test on
normally compressed kaolin (Borin,1973)



Figure 3.13 Possible stress state at failure in simple shear
suggested by Ladd and Edgers (1972)
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	 Comparison of triaxial test and plane strain test
results for Brasted sand (after Cornforth,1964)
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Figure 3.25	 Effective stress paths for undrained triaxial tests
on Cowden till (after Atkinson et al, 1985a)
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Figure 3.27 Results of oedometer tests on London clay (Som,1968)
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Results of one-dimensional compression from 38 mm
reconstituted London clay (blue) triaxial samples
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Results of shearing from reconstituted Cowden till simple
shear samples
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Results of shearing from undisturbed Cowden till simple
shear samples
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Results of shearing from undisturbed London clay (blue)
simple shear samples
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Results of shearing from undisturbed London clay
(brown) shear box samples
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Figure 7.11	 Variation of stress ratio with shear strain for
remoulded Cowden till shear box samples
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Figure 7.15	 Variation of stress ratio with shear strain
for 100 mm undisturbed London clay (blue)
triaxial samples
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Figure 7.68	 Variation of shear stress with logarithm of shear strain
for 38 mm reconstituted London clay (blue) triaxial samples
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Figure 7 • 77 Variation of tangent shear stiffness with logarithm of
shear strain for 38 nun reconstituted London clay (blue)
triaxial samples
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Figure 7.85 Tangent stiffnesses from probing test on 100 mm
undisturbed London clay (brown) triaxial sample
TUB 1
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Figure 7.86	 Tangent stiffnesses from probing test on 100 mm
undisturbed London clay (blue). triaxial sample
TO L5
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