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Synopsis

The problem of disposal of high-level radioactive waste has led to 
consideration of using the sediments of the deep-ocean floor as 
repositories and to the initiation of research to establish an 
understanding of the fundamental behaviour of deep-ocean sediments.

Previous work to establish the mechanical behaviour of these 
anisotropically (KQ), normally consolidated sediments has consisted 
generally of conventional testing (eg. strained controlled triaxial 
tests) on mainly isotropically consolidated specimens of various 
qualities of samples.

The work described in this thesis consisted of a series of triaxial 
stress path tests using microcomputer controlled hydraulic triaxial 
cells (Atkinson et al. 1985), to investigate the strength and stress-
strain behaviour for mainly KQ consolidated "undisturbed" (tubed) and 
reconstituted specimens of deep-ocean sediments taken from two study 
areas in the North Atlantic Ocean.

The test results have been analysed within the framework of critical 
state soil mechanics to investigate sediment characteristics such as 
the state boundary surface, drained and undrained strength and stress-
strain behaviour. While marked anisotropic behaviour is found in a 
number of respects, the results indicate that analysis in a critical 
state framework is as valid as for terrestrial sediments. Differences 
in behaviour between tubed and reconstituted specimens have been 
observed and the effect of the presence of carbonate has been 
investigated.

An attempt has been made to develop an elasto-plastic constitutive Ko 
model based on critical state concepts. This model has been found to 
agree reasonably well with experimental data for kaolin and deep-ocean 
sediments.
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Chapter 1 : Introduction

The research described in this thesis forms part of a programme of 

research undertaken by the UK Department of the Environment on the 

engineering aspects of ocean disposal of high-level (heat generating) 

radioactive waste. The main objective of their research programme was 

to assess the practicality and the environmental impact of the ocean 

disposal by the free-fall penetrator (Freeman 1983). In this method a 

stream-lined projectile encasing the canister of solidified waste is 

allowed to fall freely through the water column to bury itself at a 

depth of a few tens of metres in the ocean seabed. A knowledge of the 

geotechnical properties of the deep-ocean sediments is essential in 

evaluating problems such as,

i) depth of burial ;

ii) hole closure behind the free-fall penetrator ;

iii) the effects of the waste on the surrounding sediments during the 

burial process.

1.1 Current Knowledge on the Behaviour of Deep-Ocean Sediments

Certain areas in the North Atlantic have been designated as study areas 

for the purpose of disposing radioactive waste and two of these areas 

are currently under consideration: Great Metecr East (GME) and Nares 

Abyssal Plain (NAP) (Anderson 1983). Sediments in both these areas are 

made up largely of turbidites which are comprised of clay and silt 
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sized particles. One significant difference between the sediments at 

the two sites is the amount of carbonate present: at GME carbonate 

contents of up to 60% are not uncommon whereas 5 to 10% carbonate 

contents are typically found at NAP.

A large amount of information is available on the basic physical 

properties of deep-ocean sediments (eg. Deep-sea drilling projects) but 

little is known of their mechanical behaviour. The limited 

geotechnical information is largely based on results of conventional 

testing techniques using oedometers, shear vanes and conventional 

triaxial equipment (eg. Carchedi, 1979 ; Demars, 1975 ; Silva and 

Jordan, 1984 ; Valent, 1979) and there are practically no good quality 

geotechnical data (eg. stress-strain and strength properties) available 

particularly for the North Atlantic deep-ocean sediments.

1.2 Objectives of Research

The main objectives of the research are :

i) to investigate the fundamental properties (constitutive stress-

strain relationships and strength properties) of deep-dcean 

sediments from the GME and the NAP study areas;

ii) to investigate differences in behaviour between the 

undisturbed' (tubed) and reconstituted samples of deep-ocean 

sediment ;
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iii) to compare the behaviour of deep-ocean sediments with that 

predicted by current soil mechanics theories, and if necessary, 

extend these theories to take account of anisotropic (KQ) 

behaviour.

1.3 Testing and Analysis

The main research programme consisted of triaxial tests on 38mm 

diameter samples of deep-ocean sediment using standard hydraulic 

stress path cells (Bishop and Wesley, 1975) with automatic controlling 

and logging equipment (Atkinson et al., 1985 ; Clinton, 1985). The 

testing programme involved drained and undrained tests, loading 

(compression) or unloading (extension) following different stress 

paths on predominantly KQ compressed 'undisturbed' (tubed) and 

reconstituted (reconsolidated from slurry) samples. Test results are 

analysed within the framework of critical state soil mechanics 

(Schofield and Wroth, 1968 ; Atkinson and Bransby, 1978), primarily 

investigating soil characteristics such as state boundary surface and 

elasto-plastic stress-strain behaviour and to see how well the 

behaviour of deep-ocean sediments corresponds to theoretical models of 

soil behaviour such as Modified Cam-Clay (Roscoe and Bur lard, 1968). 

The test data can also be used to provide a basis from which to develop 

and to calibrate the constitutive equations for anisotropic (KQ) soils 

such as the soil model (City-Clay) developed in this thesis.
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Chapter 2 : Stress-Strain Behaviour of Soils

The fundamental theories of classical soil mechanics are based on 

Terzaghis principle of effective stress (Terzaghi, 1936), theory for 

one dimensional consolidation and Mohr-Coulomb's failure criterion. 

The stress-strain behaviour of soil before failure is taken as elastic: 

usually linear, homogeneous and isotropic, occasionally soil elastic 

behaviour can be taken as non-linear, inhomogeneous and anisotropic. 

The simplicity of this approach has led to its application in many 

practical problems. It has, however, some shortcomings. It does not 

predict permanent deformations which invariably arise on unloading.

Recent modem theories of soil mechanics recognise that stress-strain 

behaviour of soil before failure is likely to contain both elastic and 

plastic components of strains. These theories adopt the ideas of 

plasticity theory originally developed for metals and their application 

can take account of the frictional response and the volume change 

characteristics of soils. The advantages of using these theories are 

that they can be developed to a complete mathematical model of soil 

within the assumptions made for a particular theory and allow the 

general form of constitutive equations to be obtained, such as the 

incremental stress-strain relationship (eg. Naylor et al., 1981). ie.

[ §e] = [ C' ] [ 6d'] (2.1)

These constitutive equations are particularly useful for modern 
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numerical analyses (eg. the finite element method) using computers. 

Eqn (2.1) relates the increment of strain to the increment of effective 

stress by a compliance matrix [C']. This matrix contains a number of 

material parameters which take into account elastic (recoverable) and 

plastic (irrecoverable) strains associated with the general 

requirements for elasticity and for plasticity such as yielding, strain 

hardening or softening and flow (see Fig. 2.1).

One of the well known theories of soil mechanics which adopts the ideas 

of plasticity is critical state soil mechanics (Schofield and Wroth, 

1968). The main feature of the theory is the existence of a state 

boundary surface which limits all the possible states for soil. The 

exact constitutive equations depend on the exact shape of the state 

boundary surface, for example Cam-Clay (Schofield and Wroth, 1968) and 

Modified Cam-Clay (Roscoe and Burland, 1968) which were derived 

theoretically from the considerations of energy(work) dissipation. 

Recently some theories have been developed which attempt to account for 

additional effects such as anisotropy, non-associated flow rule and 

kinematic hardening, mainly to give a better fit to experimental data. 

These form an associated family of elasto-plastic stress-strain 

models which are, however, mathematically more complex than but 

conceptually similar to the original framework of critical state theory 

(Schofield and Wroth, 1968).
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2.1 Stress and Strain Parameters

2.1.1 Stress Diagrams and Stress Paths

Throughout this thesis we will consider only saturated soils and 

stress within the soil skeleton is controlled by effective stress, d' 

which is related to the total stress and pore pressure by the equation 

d' - d - u (Terzaghi, 1936). Soil behaviour depends not only on the 

change of effective stresses but also on the way in which the states of 

soil change and on the previous history of loading. It is therefore 

necessary to record the loading history in which one or more stresses 

are varied and to present these stress paths graphically in a stress 

diagram.

In general, the three dimensional stress system of a cubical element 

contains six independent stress components (ie. three normal stresses 

and three shear stresses). It is more convenient to think in terms of 

principal stress space (see Fig 2.2). The plane normal to the space 

diagonal, the locus of all points for which d'y= d'^= is called

the octahedral plane and the octahedral normal stress, ( d'j + d^ + 

d'2 )/3 is constant on that plane. For the condition of axial 

symmetry ( = d3 all the axi-symmetric triaxial test data will

lie on a particular plane (the axi-symmetric plane), see Fig 2.2. The 

method of plotting stress paths in three dimensional stress space may 

be cumbersome and is not easy to follow. Under certain circumstances a 

simpler picture of stress paths can be presented by selecting different
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axes. For example Henkel (1960) used axes and f°r stress

paths under triaxial (axial-symmetry) conditions. A common practice for 

a number of ground engineering problems takes the vertical and 

horizontal stresses as the principal stresses (ie. ~ dv" anc^ d 3' = 

<*h')-  This is also true for most soil testing equipment (eg. triaxial 

and oedometer tests on vertical specimens). It is therefore convenient 

to trace the loading history of a soil element in the stress diagram 

with axes of d]/ = dv" and d3' = d h'' where the intermediate 

principal stress d?' is ignored. Although these axes for stress paths 

are simple and easy to construct, for analysis of test data it is more 

convenient to separate shear or deviator stress from normal or mean 

effective stress and this leads to the construction of a Mohr's circle 

state of stress in which the stress path is plotted by tracing the path 

of the apex of the Mohr 's circle with axes t'= ( “ d 3 )/2 and s'

= ( d 1' + d z)/2 (see Fig. 2.3).

2.1.2 Stress and Strain Invariants

Stress invariants are defined as the magnitude of stress parameters 

which are unaffected by the choice of reference axes (Atkinson and 

Bransby, 1978). The parameters s' and t' as described in section 

2.1.1 are a rather special case as their values are independent of the 

arbitrary choice of the orientation of the reference axes. However the 

term 'stress invariants' is strictly reserved for parameters 

appropriate to general state of stress and the use of parameters s' and 

t' for two dimensional analysis is only convenient when the
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intermediate principal stress is not known. The general form of stress 

invariants for condition of axial symmetry ( are the

octahedral normal stress, ° "oct an<^ octahedral shear stress, 

T "oct an<3 they are defined in terms of principal effective stresses 

as,

^oct' = ( ai'+ 2 ct 3')/3 (2.2)

Toct' =A< "I’ °3'>/3 (2.3)

For simplicity stress parameters are chosen as(Schofield andWroth,

1968),

p' = 6 oct' = < °i'+ 2 h')/3

<?' = 3 Toct'/A= (

(2.4)

(2.5)

Having chosen the appropriate stress parameters, the strain parameters 

must be carefully selected by considering the work done by external 

loads, E which must be equal to the internal work done , W . 

Assuming coaxiality condition holds, the work done per unit volume by 

external loads is,

E — Oj E-j + ^2^2*  ^3^3 (2.6)

The internal work done per unit volume can be written as the sum of 

the product of the appropriate stress and strain parameters, such that 

for the condition of plane strain where ~ 0,



The

For

corresponding strain parameters are (Atkinson

(2.7)

Er

Ev

the condition

e1 £3

£3

of axial-symmetry, where () 2' ~

ei ’

6' and e 2 ~ e3•

W = q es * p ev (2.10)

The corresponding strain parameters are (Atkinson

£s = 2(E;-E3)/3

£v - * 2 Eg

(2.11)

(2.12)

2.2 Relationships between Effective Stress and Specific volume

2.2.1 Normal Coirpression and Swelling

It is common both in research and in engineering practice to perform 

one-dimensional compression tests in the oedometer and results are 

usually presented in e - log^g ($v' diagram. A typical set of results 
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in Fig. 2.4 shows the sample was loaded from A to B, unloaded to C and 

reloaded from C to D. By ignoring the small hysterisis due to 

unloading and reloading cycle, this behaviour can be idealised to 

straight lines shown in Fig. 2.4. The slope CQ of the normal 

compression line (ABD) is known as the compression index and the slope 

Cs of the swelling line (BC) is known as the swelling index, where

■ Cc = de / d ( log^Q Oy) (2.13)

- Cs = de/ d ( log10 6y) (2.14)

For one dimensional compression ( er =0), the vertical effective 

stress varies linearly with the horizontal effective stress and the 

relationship is given by

(2.15)

where KQ is the coefficient of earth pressure at rest. The value of KQ 

is a constant during normal compression for a particular soil type but 

varies with overconsolidation ratio, OCR (see Fig. 2.4) which is given 

by,

OCR = 0ym/ (5y (2.16)

where 0 vm and <5'v are the past maximum and the current vertical 

effective stresses respectively. Assuming 0v" and 0^' are the 

major and minor principal stresses, the appropriate stress parameters 
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(see section 2.1.2) for the conditions of axial symmetry are written 

as,

q' = (5= <5y ( 1 ~ Ko )

p' = o; ( 1 ♦ 2 Ko ) / 3

(2.17)

(2.18)

Equations (2.17) and (2.18) show that q' and p' can only be found if 

the value of KQ of the soil is known or if the horizontal stress is 

measured in the special oedometer in which the horizontal force is 

measured by means of a force transducer (Brooker and Ireland, 1965). 

In the case of triaxial stress path cells (Bishop and Wesley, 1975) 

from which both <5V' and are measured during KQ compression tests, 

it is more convenient to present results in terms of the stress 

parameters, q'and p'together with v - In p'diagram (see Fig. 2.5) 

in which the slope of q' - p,z diagram is given by,

<0= 3(1 - Ko)/(1 ♦ 2Ko) (2.19)

where is a soil constant.

The slope X Q of the normal compression line and the slope, kq of the 

swelling line are given by

- Ao= d v / d ( In p ) (2.20)

- Ko= d v / d ( In p ) (2.21)
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It should be noted that there is a relationship between eqns (2.13) and

(2.14), (2.20) and(2.21), that is

2.303 Ao = Cc (2.22)

2.303 <0 = Cs (2.23)

The equations for the anisotropic (KQ) normal compression line and the 

swelling line are given by (see Fig. 2.5),

V = No ~ Ao ln P

v - vv“ In p

(2.24)

(2.25)

where NQ, Xo and ko  are soil constants.

In conventional practice where samples are isotropically compressed 

and swelled in the triaxial cell, the value of KQ is unity (ie q' =0 

: see Fig 2.5) throughout the loading history. The slope of the 

isotropic compression and swelling lines in e - In p' space are taken 

as parallel to the one dimensional compression and swelling lines (see 

Fig. 2.5). That is for isotropic compression,

v = N - X In p (2.26)
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for isotropic swelling,

v - I n p (2.27)

where N, A and « are soil constants.

The normal compression line is unique for a particular soil type and 

loading history (ie. KQ or isotropic) and it also has a special 

significance which represents a boundary between the possible states 

and the impossible states (Atkinson and Bransby, 1978).

2.2.2 Critical States and Peak Strength Envelopes

Schofield and Wroth (1968), Atkinson and Bransby (1978) have shown 

that for a particular isotropic normally consolidated or lightly 

overconsolidated soil ( 1 < OCR < 2 ), the ultimate failure points of 

all undrained and drained compression tests can be defined by a single 

straight line through the origin in q' - p' space and by a single 

curve line in v - p' space whose shape is similar to that of the 

isotropic normal compression line. This unique failure line is known 

as the critical state line at which ultimate failure will occur and is 

however, independent of stress path followed by the sample. Critical 

state failure is therefore defined as the state at which soil 

continues to distort in shear at constant effective stresses (ie 6q'r 

dp' = 0) and at constant volume ( <5v = 0) and is usually reached at 

modest shear strains of up to about 15 % (see Fig. 2.6c).
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It will be helpful to think of the critical state line in three 

dimensional space (q' - p' - v). The projection of the line on the q 

- p' plane shown in Fig. 2.6.a is written as

q ' = M p ' (2.28)

where M is the slope of the critical state line and can be related to 

the Mohr- Coulomb failure criterion (Atkinson and Bransby, 1978) such 

that,

in compression sin - 3Mc/(6+Mc) (2.29)

in extension 3|Me| / (6 (2.30)

where subscripts c and e refer to compression and extension 

respectively. It should be noted that for M = Mc =lMel ; < 0e'

and for 0CS' = 0C' = 0e' ; Mc >lMe|or Me = -3Mc/(3+Mc).

The relationships between 0CS" and M in compression and extension are 

given in Fig. 2.7 which shows that when 0C' and 0e' are small 

( 0CS'< Mc can taken approximately equal to |Me|.

The projection of the critical state line on the v - In pz space is 

conveniently defined by a straight line parallel to the normal 

compression line (see Fig. 2.6b) and can be written as,

V = r * A 'n P' (2.31)

where M, A and k are soil constants.
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The uniqueness of the critical state line for a particular soil type is 

an important concept for the development of the theory of critical 

state soil mechanics. It represents a unique relationship between 

effective stresses and volumes similar to the normal compression line 

as described earlier and also serves as a boundary for all possible 

ultimate failure states.

The behaviour of a heavily overconsolidated soil (OCR > 2) is rather 

different from that of a normally consolidated soil. It contains a 

series of peak strength envelopes which expand with decreasing specific 

volume and each of these envelopes is limited by the critical state 

line on the right and also by a broken line to the left which 

represents zero minor effective principal stress (no tension cut - off) 

as indicated in Fig. 2.8a. A typical set of drained compression test 

results given in Figs. 2.8 b & c which shows that the sample reaches a 

peak deviator stress at B and then drops to a value close to critical 

state at C as shear strain increases. This drop of deviator stress 

from peak to ultimate value (softening) is associated with the dilating 

response of the sample (see Fig. 2.8c ). It may be difficult to locate 

the exact value of critical state particularly the critical state 

specific volume as the strains in the sample become non-uniform or 

discontinuous due to the formation of slip planes (Atkinson and 

Richardson, 1987). Nevertheless the peak strength envelope shown in 

Fig. 2.8a can be defined as (Atkinson and Bransby, 1978),

qz = c' + H pz (2.32) 
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where c' is the intercept on q' axis whose value depends on the 

specific volume,

H is the slope of the peak strength envelope and is taken to 

be a soil constant.

Although recent research (Atkinson and Farrar, 1984) shows that the 

peak envelope may not be straight and is curved towards the origin 

particularly at low effective stresses, the simple straight line (eqn 

2.32) is sufficient to represent the peak envelope of a heavily 

overconsolidated soil for the purpose of this thesis.

2.2.3 The State Boundary Surface

The idea of the existence of a state boundary surface for soil was 

based on the experimental work of Rendulic (1936) and later of Henkel 

(1960), and was the main feature in the development of critical state 

soil mechanics. It provides a conceptual model for soil behaviour 

known as the critical state model (Schofield and Wroth, 1968). The 

state boundary surface represents a boundary which limits all possible 

states for a particular soil in q'-p'-v space. It assumes that the 

behaviour of soil is purely elastic for states lying within the state 

boundary surface while plastic (irrecoverable) strain will occur as the 

state of the sample traverses the state boundary surface. The 

differences between theories which depend on the existence of the 

state boundary surface are mainly on the exact shape of the surface, 

for example the Cam-Clay model (Schofield and Wroth, 1968) and the 
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Modified Cam-Clay model (Roscoe and Burland, 1968), which are derived 

theoretically by the consideration of work dissipation or developed 

from experimental data (Atkinson and Bransby, 1978). Fig. 2.9 shows 

the three dimensional state boundary surface in compression proposed by 

Atkinson and Bransby(1978) which shows a surface containing lines of 

constant volume, joining the isotropic compression line, the critical 

state line and the no tension cut off line. The surface between the 

isotropic compression line and the critical state line represents 

yielding and hardening of normally consolidated and lightly 

overconsolidated soils, called the Roscoe surface, while the surface 

between the critical state line and the no tension line represents 

yielding and softening of heavily overconsolidated soils, called the. 

Hvorslev surface (Atkinson and Bransby, 1978).

The swelling line given by equation (2.27) is inside the state boundary 

surface where soil behaviour is elastic. For an isotropic elastic 

soil, the state of soil can only move on a vertical plane for a 

particular swelling line called the isotropic elastic wall (see Fig. 

2.9). It should be noted that the intersection between the elastic 

wall and the state boundary (A B'C') is a yield curve (Calladine, 1963) 

which represents the limit for elastic soil behaviour. The state 

boundary surface contains an infinite number of these yield curves 

which expand (harden) or contract (soften) in sizes depending on the 

initial state of the soil and can be conveniently normalised by the 

parameter pe' = exp [ (N - v)/A ] for the constant volume section 

(Atkinson and Bransby, 1978) , by ppz = exp [ (N — vK )/( A - k )] for 
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the yield locus section and by vA = v + A In p' for the reference p' 

section of the state boundary surface (see Fig. 2.10 ; Atkinson, 1984c).

2.3 Stress-Strain Behaviour of Soils

The stress-strain behaviour of soils can be described in incremental 

form (Atkinson and Bransby, 1978 ; Naylor et al., 1981) and expressed 

as

[ <50 '] = [ D'] [ os ] (2.33)

where [D'] is a stiffness matrix associated with effective stress soil 

parameters.

If the determinant of [D'] is not zero, equation (2.33) can be 

inversed and expressed as

[ <5 e ] = [ C'] [ <50'] (2.34)

where [C'] is a compliance matrix which contains a number of material 

properties and are constants only for infinitesimal loading. Assuming 

the total strain is the sum of the elastic and plastic component of 

strain, ie.

[ <5e ] = [ <5e ]e + [ <5e ]P (2.35)

where superscripts e and p represent elastic and plastic respectively.

Equation (2.34) can be written as
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He ] = {[ C']e + [ C']P} [ 60 '] (2.36)

By using the appropriate stress and strain parameters as described in 

sections 2.1, the complete constitutive equations for an elasto- 

plastic incremental model can be written as (Atkinson and Richardson, 

1985),

' 68s' A B

, C D . 5P
(2.37)

It remains to determine the values of [C']e and/or [C']P to describe 

the behaviour of soil. For soil states which lie within the state 

boundary surface, soil behaviour is elastic, ie. [C']P = 0 and the 

parameters in [C']e are associated with elastic soil parameters. For 

states which traverse the state boundary surface, soil behaviour is 

elasto-plastic, ie. [C']e, [C']P >0 , and the parameters in [C']P are 

associated with the shape of the state boundary surface and with a flow 

rule.

2.3.1 Elastic Constitutive Equations

If soil states are inside the state boundary surface the soil behaviour 

is taken to be elastic and strains are recoverable. The complete 

incremental cross-anisotropic elastic constitutive equations for the

condition of axial symmetry (Graham and Houlsby, 1983) are given by,

sq' 3G -J
" e''
S£s

-J' K Ls£v] (2.38)
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where G' is the elastic shear modulus

K' is the elastic bulk modulus

j' is the elastic coupling modulus.

If the determinant of the stiffness matrix in eqn (2.38) is not equal

to zero, it can be inverted to give,

where

(2.39)

Ae = K / ( 3GK - J2)

Be =Cei= -J' / ( 3(j K- J2 )

De 3G / ( 3GK- J 2 )

For an isotropic elastic soil, the shear and volumetric deformation are 

decoupled (ie. j' = 0 or Be = Ce = 0) and the elastic wall lies on a 

vertical plane (see Fig. 2.9). The values of G' and K'are given by,

G = E' / 2( 1+y )

K = E' / 3(1 -2 O’)

(2.40)

(2.41)

and

/ = K / 3G = 2(1.S)/ 9(1-2>) (2-42)

The elastic bulk modulus, K' can be related to the slope of the

swelling line (eqn 2.27), where
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i/k ' = sej/ sp = -sp = t/vp (2.43)

Therefore the complete constitutive equations for an isotropic elastic

soil are given by Atkinson (1984c),

5E® r 2(i+v>)
3E' 0 Sq‘

«Eve 0
3(1-2?')

E' J
5P'

or
_1_ 
vp

0 Sq

0 K sp'

Eqn (2.44) shows that the isotropic elastic soil

(2.44)

behaviour is non-

linear and that p' and k are soil constants and the stiffnesses depend

on the current state of the sample (ie. vp').

2.3.2 Elasto-Plastic Constitutive Equations

Soil behaviour is elasto-plastic if the soil traverses the state 

boundary surface. The total strain is the sum of the elastic and 

plastic components. The elastic component of strain can be determined 

by eqn (2.44) while the plastic component of strain can be determined 

by plasticity theory associated with yielding and flow. The shape of 

the state boundary surface can be described mathematically in the form 

given by Atkinson (1984c),

V = F ( q', p') (2.45)
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differentiating eqn (2.45), we have

£
v

(2.46)

The plastic component of volumetric strain can be determined from eqn

(2.35) and combines with eqns (2.43) and (2.46), we have

or
Q Sq' . P ip'

(2.47)

where Q and P are the hardening parameters which depend on the

exact equation of the state boundary surface.

In the theory of plasticity ,the gradient Ses£/ 6evP of the plastic 

strain increment is controlled by the current state of stress 

and is independent of the increment of stress causing yield. The 

precise relationship between the vector of plastic strain increment and 

stress is known as a flow rule and is written as

F = p
V

(2.48)

where F is the flow parameter which depends only on the current state 

of stress. 
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It may be convenient to define a plastic potential such that the vector 

of the plastic strain increment is perpendicular to the plastic 

potential (see Fig. 2.11). The flow rule is said to be associated and 

the normality condition applied if the plastic potential and yield 

curve coincide. When the state of a sample traverses the state 

boundary surface the yield curve will expand (harden) or contract 

(soften) in sizes as indicated in Fig. 2.12 depending on the initial 

state of the sample. From eqns (2.47) and (2.48) and eliminating 6ev^r 

we have,

6ES = F Q &q ♦ FP Sp (2.49)

From eqns (2.37) and (2.39), combine with eqns (2.47) and (2.49), the 

complete general form of incremental constitutive equations for a 

cross-anisotropic elasto-plastic soil model can be written as

6 Es
r k '

+ FA
-J

———75- ♦ FP3GK-J2
Sq

=
ft + rU3GK-J2

15 Ev ,~J Q
3GK-JZ

3G' . P
SP

3GK-J2

For soils where the elastic behaviour is isotropic (J'= 0 ; Graham

and Houlsby, 1983) and the flow rule is associated (FP = Q ; Atkinson 

and Bransby, 1978 ; Naylor et al., 1981), eqn (2.50) can be simplified 

and is given by,

Q 1
K'

Sq

SP

(2.51)
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where the compliance matrix is symmetrical, the values of G' and K' 

are related to p ' , k and the current state in eqn (2.44), while the 

values of F and Q can be determined from the state boundary surface 

(eqn 2.45). Eqn (2.50) or (2.51) is only valid for soil whose state 

remains on the state boundary surface and the behaviour is elasto- 

plastic but becomes elastic when soil state moves inside the state 

boundary surface, where Q and P = 0 .

2.4 Cam-Clay and Modified Cam-Clay Constitutive Equations

The complete incremental elasto-plastic constitutive equations for Cam-

Clay (Schofield and Wroth, 1968) in the form of eqn (2.51) are given

by Atkinson (1984c),

A-<

M

(2.52)

where p' is defined by eqn (2.42) and M , A k are soil

constants. Following similar approaches, the complete incremental 

elasto-plastic constitutive equations for Modified Cam-Clay (Roscoe and 

Burland, 1968) can be obtained (see Appendix A) and is given by,

1
vp

2>?'(A-\.)

2'Z'(A-<)

M2 ♦ <Z'2

(a-ixm 2-?2) 

m2» I'2 .
SP
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The major difference between Cam-Clay and Modified Cam-Clay models is 

the shape of the state boundary surface. It can be seen from eqn 

(2.53) that the Modified Cam-Clay matrix is slightly more complex 

but similar to that of the Cam-Clay (eqn 2.52). Their compliance 

matrices are symmetrical and 1/vp'" is a common factor of the 

matrices. It is interesting to note that eqns(2.52) and (2.53) can be 

rewritten as (Atkinson, 1984c), 

vfes A B Sq7 p

v6£v C D Sp'/p
(2.54)

where the compliances A to D depend only on the four soil 

constants M , a , K , p and principally on the current effective 

stress ratio,, ' hence as the state changes during loading, values of 

A to D will also change. The compliance matrix is symmetric (ie. B = 

C) for conditions of coaxiality, cross-anisotropy and associated flow 

rule (Atkinson and Bransby, 1978), while the factor 1/vp' exists for 

soils for which the shape of the state boundary surface is independent 

of its size. Fig. 2.13 shows the patterns of the individual compliance 

in eqn (2.54) of the two soil models using soil parameters for 

Speswhite kaolin (after Ho, 1985) and it suggests that the exact 

shape of the state boundary surface may have a significant effect on 

the subsequent stress-strain behaviour of soils.
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2.4.1 Some Characteristics of the Incremental Elasto-Plastic Model

Any mathematical model which can be expressed in the form of eqn (2.54) 

is characterised as an associated family of critical state models in 

which the compliance matrix may or may not be symmetrical (Naylor et 

al., 1981), depending on the flow rule and the precise shape of the 

state boundary surface. Eqn (2.54) can be expanded and expressed as

v 6ES = A £q'
P'

* B £P'
p (2.55)

V 6EV = C
Sq' Sp'

P' + D ----- --
P (2.56)

Differentiating ' where c = q '/p ', we have

sf = -
Sq' faff (2.57)

P p'

c. /ombine eqn (2.57) with eqns (2.55) and (2.56) and eliminate 6q7p', we

have

v6Es = A Sf ♦ (A >?' ♦ B) if 

v = C i'i * ( C ? <■ D) IE

Re-arranging eqn (2.57), we have

(2.60)

6p
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Eliminating 6p'/pz in eqns (2.58) and (2.59), and using eqn (2.60), we

have

(A £ * B ) 
+ (Sq _ j 

8p 6

(2.61)

(C?\ D )

(2.62)

Atkinson(1984c & 1985a) has suggested some normalising procedures for 

soil test data in which results should be plotted with against

vEs . Eqns(2.61) and (2.62) have demonstrated that the 

normalised stress-strain curves are path dependent (dqx/dpx) 

except for isotropic elastic soil (ie. B = Be = C = Ce = O ).

Figs. 2.14 a and b illustrate the idealised state paths for lightly 

and heavily overconsolidated soils ( states below state boundary 

surface) for which elastic behaviour (paths O^A^ and O2A2 ) is 

isotropic ( ie. A = Ae ; B = Be = 0; C = Ce = 0; D = De ) and is path 

independent until yielding occurs beyond A^ and A2 (see Fig. 2.14 c 

and d) and behaviour becomes elasto-plastic as defined by eqn (2.61). 

The behaviour of normally consolidated soil is elasto-plastic (paths 

0A| and 0A2 in Fig. 2.15) the soil starts to yield and harden as 

loading begins and the behaviour is governed by eqns (2.61) and (2.62). 

For conventional undrained loading (path OA^ in Fig. 2.15), = 0 
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eqn (2.56) becomes,

5q' D

Sp C
(2.63)

sub. eqn(2.63) to (2.61), we have

v£Es =
(A <4- B)

(2.64)

For constant p' loading (ie. 6p' = 0), eqns(2.61) and (2.62) become

(2.65)

(2.66)

Comparing eqns (2.64) and (2.65), it clearly demonstrates the path 

dependency stress-strain behaviour of normally consolidated soil (see 

Fig. 2.15 d).

By re-arranging eqns (2.55) and (2.56), the normalised stiffnesses of 

soils (Atkinson, 1985a) can also be examined, ie.

(2.67)

(2.68)1

D )
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It can be seen that the normalised stiffness parameters are also path 

dependent except for isotropic elastic materials (ie. B = Be = C = 

Ce = 0 ). For undrained tests, where &v = 0 and 5q'/&p' = ~ D/C and 

eqn (2.67) becomes

A M 1W p = TiTtt >

For constant p' test where sq'/sp' = co eqn (2.67) becomes

(vp) = —— (2.70)
A

Comparing eqn (2.69) with (2.70) it shows that the normalised shear 

stiffness parameter for undrained loading is higher than that for 

the drained loading at the same effective stress ratio, for a 

normally consolidated soils since all the compliances and also the 

products of the compliances ( B & C ) are likely to be positive (see 

Fig. 2.13).

2.4.2 Determination of the Compliance Parameters from Triaxial Tests

The normalised compliance parameters given in eqn (2.54) can be 

determined directly from results of special triaxial stress path tests 

(Atkinson and Richardson, 1985).

For constant p' test (6p'=0), eqns (2.55) and (2.56) become

(2.71)
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1_
C

(2.72)

respectively. Whilst for constant q' test (6q=0), eqn(2.55) and (2.66)

become

(2.73)

1_
D (2.74)

Atkinson and Richardson (1985) adopted a successive constant p" and q' 

loading/unloading path approach from which all four compliances can be 

examined in a single test. The advantage of their approach is that it 

does not require the separation of the elastic and plastic components 

of strain for the examination of elasticity and normality (ie. if 

B = C). Alternatively, separate constant p' and q' tests with loading 

and unloading cycles (see section 7.3.3) can be conducted on identical 

specimens, from which the complete history of the individual compliance 

parameter can be examined. The latter approach has the advantage that 

test specimens do not suffer excessive changes of stress path 

directions, so that threshold effect (Richardson, 1988) can be avoided 

except in the early parts of the unloading and reloading cycles. 

However, this early threshold effect may have little affect on the 

results during yielding.

It should be noted that the compliance parameters can also be 

determined indirectly from results of a pair of different triaxial test 

paths (eg. undrained and drained test paths). However, this will 
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require further mathematical manipulations in order to examine the 

compliance parameters. In laboratory where advanced stress path 

equipment is not available, conventional triaxial test paths (ie. 

drained and undrained tests) are usually carried out on identical 

specimens. The following describes how the results from the 

conventional triaxial test paths can be used to obtain the compliance 

parameters.

For undrained test (Sv = 0), sub. eqn(2.56) into eqns (2.67) & (2.68)

6q'
SEs/Xvp') =

1

(a-er ) (2.75)

sp' /(vp') = 1

sev/ (~AC° ♦ B ) (2.76)

For conventional drained test (dq'/dpz = 3), eqns (2.67) and (2.68) 

become

63 // 1
7Z~/(vp)=---------- 5—
6£s/ ( A * )

^p' z 1
SEv VP (3C ♦ D )

(2.77)

(2.78)

respectively.

The compliance parameters can be obtained by normalising results as 

indicated in eqns (2.75) to (2.78) and by solving these four 

equations simultaneously with the four compliance parameters as 

unknowns at the same effective stress ratio, / . A number of solutions 
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should be evaluated at different in order to obtain the complete 

history of these parameters.

2.5 A Model for the Behaviour of Anisotropic Soils

The critical state approach provides a conceptual framework for which 

some aspects of soil behaviour can be explained. In the preceeding 

sections it has been shown that the critical state theory recognised 

the existence of a state boundary which separates possible states from 

impossible states : behaviour below the surface is elastic while on 

the state boundary surface, elasto-plastic deformations will occur. 

The critical state model provides a single framework which

accommodates the familiar Mohr-Coulomb strength criterion and the 

Terzaghi theory for one-dimensional consolidation. It also allows 

constitutive equations relating stress and strain to be developed for 

solutions to boundary value problems using computer based analytical 

methods (eg. the finite element method).

The original critical state models were developed for isotropically 

compressed soil, with symmetrical stress-strain behaviour about the 

mean effective stress, p' axis (Schofield and Wroth, 1968 ; Roscoe and 

Burland, 1968 ; Atkinson and Bransby, 1978). Real soils are usually 

anisotropic and non-homogeneous. A number of tests results show that 

although the concept of a state boundary surface may be valid, the 

shape is unlikely to be symmetrical about either the isotropic or the 

axes. Moreover, the elastic behaviour is likely to be anisotropic 
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and plastic yielding may not he associated.

In order to improve the prediction of stress-strain behaviour of real 

soils, a number of mathematical models have been developed from the 

original critical state Cam-Clay model to attempt to account for such 

factors as anisotropy, non-associated flow and kinematic hardening (eg. 

Ohta and Wroth, 1976 ; Banerjee and Stipho, 1978 ; Pender, 1977 and 

1978 ; Morz et al, 1981 ; Banerjee and Pan, 1986). These models are 

,however, mathematically complex and remain to be calibrated with high 

quality experimental data. The author proposes a model named the City- 

Clay model to include anisotropy for both elastic and plastic 

deformations based on critical state concepts as well as from a number 

of high quality test data of anisotropically (KQ) compressed specimens 

under the axially symmetrical conditions provided by the micro-computer 

controlled Bishop and Wesley triaxial cells.

2.5.1 Some Aspects of the Behaviour of Anisotropically Compressed Soils

Experimental results show that there is strong evidence of the 

existence of state boundary surfaces for nominally ''undisturbed' 

natural clays (eg. Wong and Mitchell, 1975 ; Pender et al., 1975 ; 

Graham et al., 1983) and for anisotropically (Ko) compressed 

reconstituted and natural clay samples (eg. Parry and Nadarajah, 1973; 

Koustofas, 1980 ; Nakase and Kamei, 1983 ; Gens, 1983 ; Atkinson et 

al., 1986 ; Ng, 1985) whose shapes are not symmetrical about the 

isotropic p'-axis (see Figs. 2.16 to 2.21) and their results also 
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show significant anisotropic behaviour in a number of important 

respects, so that the Cam-Clay (Schofield and Wroth, 1968) and the 

Modified Cam-Clay ( Roscoe and Burland, 1968) may not be able to 

predict adequately the behaviour of these soils.

The constant volume section of the state boundary surface for KQ 

normally consolidated soils (ie. on the wet side of the critical 

state : Roscoe Surface, Atkinson and Bransby, 1978) show a peak 

deviator stress in compression (see Figs. 2.18 to 2.21) which usually 

occurs at about 1/2 % shear strain (Jardine et al., 1985 ; Ho, 1985 ; 

Atkinson et al., 1986 ; Koustofas, 1981) before reaching^critical 

state value at large shear strain ( e s > 15 %). The reasons for the 

drop from the peak deviator stress to critical state at constant 

volume during shear in compression while the effective stress ratio, 

q7px is increasing (hardening), are not clear. This may be attributed 

to the structural collapse characteristics of KQ normally compressed 

soils which is similar to the characteristics of aged sensitive soft 

clays (Mitchell, 1976). It is therefore necessary to identify this 

peak deviator stress and to distinguish it from the peak state of an 

overconsolidated soil as described in section 2.3.2 and also from the 

critical state which occurs at large shear strain (see Fig. 2.22).

Limited experimental data show that the elastic behaviour of soils 

(behaviour below state boundary surface) is anisotropic (eg. Graham 

and Houlsby, 1983 ; Ho, 1985 ; Koustofas, 1981 ; Ng, 1985 ; Richardson, 

1985 ). The normalised tangent shear stiffness in compression is 
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significantly lower than that in extension test for KQ normally 

compressed soils (Ho, 1985 ; Ng, 1985).

2.5.2 The Development of Constitutive Equations

A complete general incremental form of elasto-plastic constitutive 

equations for anisotropic soils is developed based on approaches as 

described in section 2.3.2. The soil behaviour is taken to be cross- 

anisotropic for states within the state boundary surface and elasto- 

plastic when the soil state traverses the state boundary surface from 

which the plastic strain is calculated from a non-associated flow 

rule. The proposed model (the City-Clay) is simple to use and 

requires the usual critical state soil parameters to describe 

the complete incremental stress-strain behaviour of anisotropic 

soils.

2.5.2.1 The Cross-Anisotropic Elastic Constitutive Equations

o
The complete cross-aniqtropic elastic incremental constitutive 

equation (Graham and Houlsby, 1983) is given by :

6Ese
1

K -J

. 6£v.
3GK-J'2

-J 3G sp

By following the procedures given by Graham and Houlsby (1983), the 
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elastic compliance parameters can be written in the form of :

K' _ 2(1 -O'- 4-3' - 2-' )
3G' " 9( 2(1-o')-4-5'+ «2)

3G' 3( 2(1-p)-4«o ' +<xz )

J' 2 (1 - o' + — o' - )

(1-O+4—O+2— )

J 3(1-0’ + — 5' - <x_z )

where subcripts v and h in eqn(2.84) refer to vertical and 

directions respectively. From eqn (2.43), where 1/K' = 

combines with eqn (2.84) and we have

(2.80)

(2.81)

(2.82)

(2.83)

(2.84) 

horizontal

K/vp,x and

(2.85)

(2.86)

1 _ ( 1 - o' + 4 - o + 2«-2')

J' 3(1—5'*  ) vp

1 (1-0 + 4 —-5 + 2 — )

3G' 9(1-? - 2~? . -0 2 ) vp'

36



substitute eqns (2.85), (2.86) and (2.80) into eqn (2.79), we have 

where the elastic compliance parameters Ae to De are given in 

Appendix C. It remains to determine the values of 0' and ,and 

also << (see eqn 2.83) in order to describe the complete cross- 

anisotropic elastic stress-strain behaviour of a soil. For undrained 

tests (ie. = 0) , rearranging eqn (2.79), we have

6A' = 3G (2.88)
6P J"

From eqns (2.81) and (2.88), the slope of the undrained effective 

stress path is governed only by and £ . For =< = 1 (ie E^' = 

E^i, isotropic soil), the undrained effective stress path is vertical 

(dq'/dp' =oo) and eqn (2.44) recovers from eqn (2.87). For °< < 1 

(vertically stiffer : Eh'< Ev" ) and > 1 (horizontally stiffer : E^' 

> E^), the estimated directions of the undrained effective stress 

paths are given in Fig. 2.23. A single value of can be chosen 

for soil by determining the average slope of the undrained effective 

stress path (ie. straight stress path for a value of (say 0.25) 

using eqns (2.81) and (2.88). For paths which are highly non-linear, 

it is necessary to determine a number of values of along that 

path for analysis.
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2.5.2.2 The Elasto-Plastic Constitutive Equations

Using similar approaches as described in section 2.3.2, the exact 

equations for the state boundary surface (eqn 2.45) and for the flow 

rule (eqn 2.48) are required to describe the complete elasto-plastic 

stress-strain behaviour for anisotropic soils (ie. eqn 2.50).

To date no theoretical model (ie. with the consideration of energy 

dissipation) has been developed to account for anisotropy due to 

anisotropic compression. It may be necessary, at present, to 

consider the anisotropic state boundary surface and the flow rule 

independently and to derive the constitutive equations semi- 

empirical ly from experimental data (eg. Atkinson and Bransby, 1978) 

so that some assessments on the prediction of the behaviour of 

anisotropic soil can be made.

The equations for the anisotropic state boundary surface have been 

investigated by a number of researchers (eg, Ohta, 1973 ; Pender, 

1977 and 1978 ; Mroz et al., 1981) and more recently by Atkinson et 

al. (1986). The predicted shapes of the state boundary surface 

given by Pender (1977 and 1978) and Atkinson et al.(1986) provide 

better fits to the wet side of the state boundary surface ( Atkinson 

and Bransby, 1978 ) of a number of different KQ compressed soils 

(comparing Fig. 2.19 with Fig. 2.25 for Speswhite kaolin and Fig. 

2.20 with Fig. 2.26 for Cowden Till). Although similar shapes of 

the anisotropic state boundary surface can be predicted using these 
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two equations (see Figs. 2.25 anc 2.26) Pender’s equation is slightly 

advantageous due to its flexibility in choosing the exact position of 

the critical state at constant volume ( p,,’/p ’ ). Whereas Atkinson et
Jto u e
Ao

al.(1 986) fix Pu’/pe’ = (1/2) which is an extended version

of Modified Cam-Clay (see Appendix A). For the purpose of this 

thesis, the proposed model (the City-Clay) was developed based on 

Pender’s equation for the state boundary surface, although similar 

approaches can be used to develop models using different state 

boundary surfaces (eg. Atkinson et al., 1986).

The original equation for the undrained effective stress path

(Pender, 1977 and 1978) is written as

(1
ru

(2.89)

where ' = Q’/P*  ’ current effective stress ratio

’ = effective stress ratio at KQ state

p’o = initial mean effective stress before undrained loading

p’ = mean effective stress at critical state for undrained

loading.

Re-arranging eqn (2.89)? we have

( € - & 2
)

pi -p; (1 - Pfc.) 
p ’

m - r0 p; -p (1 - 4)
Pu

'2
°r  p '

<T>- 2o * c = 0
p'

(2.90)
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where C' - ( (2.91)

Eqn (2.90) is a quadratic equation containing two roots, ie,

or

Po 

p'

1 i /l - AC'

2

P = 2

Po 1 1 -AC'

1 »z/1 -AC'

Eqn (2.92) represents the locus of the roots of eqn (2.90) which relate 

p'/po' and directly. For state boundary surface (wet side of the 

critical), 0 < p'/po' < 1/ the true root of eqn (2.92) is

P' = 2

Po 1 -AC'
(2.93)

Eqn (2.93) is the simplified Pender's equation (ie. eqn 2.89) and 

can be taken as the normalised constant volume section of the state 

boundary surface.

Where p ' = p ' ( Atkinson and Bransby, 1978 ) eqn (2.93) becomes
O G

p' 2

Pe
= /--------- (2.94)

1 ♦ j/1 - 4 C'

normalised section of the yield locus. Where pQ' = pp' (Atkinson

1984c), eqn(2.93) can be written as

2 MW
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From the derivation of the constitutive equations for Modified Cam-

Clay (see Appendix A), the state boundary surface can be written as

v = r - \>ln p - ( V In p'x

At critical state, pz =: Px : = M : eqn (2.95) becomes

P' r pz i V(VWX (2.97
PP Po J

sub. eqn(2.95) into eqn (2.97), we have

Pi 

p'
)1

J
(2.98)

sub. eqn (2.98) into eqn (2.96) and eliminate d ', we have the state

boundary surface, ie.

v = P - A-lnp _ ^ln( 1 +A/l - 4C7) (2.99)
to

For v = NQ , *£'  = and P = at p = 1 , eqn(2.99) becomes

No- Po =-Aoln(
Ho (2.100)

For constant p'section, where vx = v + Xolnp' (Atkinson and Bransby,

1978), eqn (2.99) can be written as

-Xoln(-Bi-) -Aoln(1 ./1 - AC')

4 U) (2.101)
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From eqn (2.99), the constitutive equation such as eqn (2.47) can 

be obtained and is given by

The constitutive equation for plastic shear strain increment 

-sP (ec3n 2.49) can now be obtained by relating an appropriate 

flow rule, F to eqn (2.102).

The precise requirements for a particular flow rule for an 

anisotropic state boundary surface are not known. However, from the 

shape of the constant volume section of the anisotropic state boundary 

surface of a number of different soils reported previously (see Figs 

2.16 to 2.21) and assuming that ko/a0 is small (ie. the yield locus 

section becomes similar in shape with the constant volume section of 

the state boundary surface), it can be seen that associated flow rule 

can not be applied. Normality conditions on anisotropic state 

boundary surfaces do not meet the requirements of critical state 

theory (ie. at constant volume

it may be necessary, at present,

only on the current state of stress,Je P/ Je P such that it depends s' v
causing yield which also

conditions in both compression and extension at critical state.

satisfies consistent boundary

Under the condition of axial symmetry ( 6^ “ 6£ 3 “O'
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ies 2

3 (2.103)

SE®
F _ ££SP _ 8 Eg - £Ese

SEy
o

6Ey
(2.104)

se7P s£v-seve
1 - 6Eve

6EV

Differentiating eqn(2.43) and combine with eqns (2.103) and (2.24), we

or

have

(2.105)

For the conditions at critical state,

(2.106)

For the conditions at q' = 0 , Graham et al. (1983) indicated that

-ve (2.107)

However, some uncertainties regarding to the flow rule arise 

between = g' and g' = 0, eg. the value of F at = 0 (see Fig

2.24a). Fig. 2.24b illustrates two possibilities for the flow rule 

linking compression and extension. The first possibility has a step

change at from which F = 0 for extension and F=(2/3)/(l- )

for compression. The second possibility contains a smooth curve 
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joining the compression and extension flow rule with F < 0 at ’£ = 0. 

The latter one has been chosen to develop an expression for a flow 

rule which satisfies eqns (2.105), (2.106) and (2.107) and is given 

by

F = t . 2/3
(M - ?-)2 * (1_ Ko/Ao) (2.108)

Eqn (2.108) is a non-associated flow rule in that F = Pe-gP/ 

£&vP cTq'Ap" where £q'/6p' is the derivative of eqn (2.95).

By combining eqn (2.108) with (2.102) and with eqn (2.87), the 

complete elasto-plastic constitutive equations in the form of eqn

(2.37) can be written as,

rj_] X
1e D

SEs
Lvpjf A B A. B 1 sq'

= ■ < +
1

6EV C D C D SPk /

(2.109)

where the elastic compliance parameters [A ,B ,C ,D]e are defined by 

eqn (2.87) and the plastic compliance parameters [ A ,B ,C , D]P are 

defined by eqns (2.102) and (2.108), and 1/vp' is a common factor of 

the compliance matrix (see Appendix C) which is similar to those of 

Cam-Clay (eqn 2.52) and Modified Cam-Clay (eqn 2.53). The use of 

eqn(2.102) will require the knowledge of the critical state 

parameters (M , X , and will also require the ratio,

p z/p ' and the slope of the undrained effective stress path to be c s o
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specified (Zq'/zp') for an overconsolidated soil in order to describe 

the complete incremental stress-strain behaviour of an anisotropic 

elasto-plastic soil.

2.5.4 Discussion

The previous sections have described the necessity of a constitutive 

model for anisotropic soil due to KQ compression. Such a model has 

been proposed (the City-Clay) and was developed within the framework 

of critical state concepts that the state boundary surface is not 

symmetrical about the isotropic p' stress axis and the flow rule which 

governs the plastic strain increments is non-associated.

The patterns of the individual compliance parameters (eqn 2.54) of 

the City-Clay model using soil constants for Speswhite kaolin clay 

(Ho, 1985) are given in Fig. 2.26, which show great differences in 

behaviour compared with those of Cam-Clay and Modified Cam-Clay models 

given in Fig. 2.13. The predicted undrained tangent shear stiffnesses 

using eqn (2.67) and assume that soil elastic behaviour is 

isotropic ( ie. J' = 0 ; Be = 0 Ce = 0 ) with a constant Poisson's 

ratio £ 'of 0.25 are given in Fig 2.27. It can be seen that good 

agreement is found between the predicted and the experimental derived 

compression tangent shear stiffness. However, the extension stiffness 

has been underestimated at small strain (iv. &gi< 0.2>o),The reason for 

this may be partly due to the anisotropic elastic response of the KQ 

kaolin clay which has not been incorporated in the analysis and the 
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possibility of the plastic threshold effects (Atkinson 1987). However, 

the assumptions made for the present analysis do give promising 

predictions of KQ soil behaviour in compression and extension.

The advantage of using the City-Clay model is that it does offer some 

insight into the differences between the compression and the extension 

behaviour of anisotropic soils. Its constitutive equations, whose 

derivation is based on critical state concepts only require the 

usual critical state soil constants (Schofield and Wroth, 1968 ; Roscoe 

and Bur land, 1968) to describe the complete incremental stress-strain 

behaviour of anisotropic soils. However, the suitability of this soil 

model must be assessed by calibration against data from tests on a 

range of Ko compressed soils and this is reported and discussed in 

sections 9.5 and 9.6.
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Chapter 3 : Marine Geology

3.1 The Ocean Basins

The earth is about 4,600 million years old. At present 80% of its 

surface is covered by water, so only 20% is available for direct 

observation. The features of the submarine topography were not even 

suspected at the beginning of the present century. It is largely 

through the use of geophysical techniques that we are now able to 

describe the great submerged basins, mountains etc.( eg. Houtz and 

Ewing, 1963 ; Hamilton, 1967 ).

There are two hypotheses explaining the formation of the ocean 

basins, i ) sea floor spreading, ii ) plate tectonics. The sea floor 

spreading hypothesis ( Heirtzler, 1968 ) is largely based on the 

observation from the geophysical techniques that two oceanic crustal 

blocks move away from one another. The plate tectonics hypothesis 

( Dewey, 1972 ) is that the continental and the oceanic crust of the 

earth are made up by six major tectonic plates which move over and 

beneath one another as a single unit. Details of the mechanism of the 

two hypotheses involved are outside the scope of this thesis.

An idealised section of the ocean floor is given Fig. 3.1. 

It is divided into four major parts, i ) continental shelves, ii ) 

continental slopes, iii ) continental rises, iv ) abyssal plains.
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The continental shelves extend from rhe edges of the 

continental land mass to a depth of a few hundred metres. The shelves 

extend up to about 50 to 80 km wide and at about 1:2000 slope 

inclination. They were above sea level during the Pleistocene 

glaciation when much of their erosion and sedimentation characteristics 

were formed and their surfaces modified by wave and tidal currents.

Beyond the shelves, the ocean floor is marked by a sudden increase 

in slope to about 1:20 for a distance of about 15 km and is called 

the continental slope. The sediments on these slopes are mostly muds 

and silty sands derived from the continental erosion and which have 

been carried across the shelves and draped over the edges ( Demars and 

Anderson, 1971 ). As the sediments accumulate they slump and slide 

down the slope as "turbidity currents". A turbidity current is 

able to transport large quantities of sedimentary material introduced 

with the original slump and picked up by the current as it 

flows over the seabed.

The lower part of the slope becomes gentler ( 1:100 ) and is 

called the continental rise and extends much further ( about 200 to 

400 km from the land mass) at water depths of about 4 km. It is on the 

continental rise that turbidity currents start to lose speed and 

produce single graded beds of sand, silt and clay called turbidites. 

The extent of turbidites may reach beyond the rises to the flat 

deep sea bottom called the abyssal plain with water depths in excess 

5 km .
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3.2 Types and Distributions of Ocean Sediments

Ocean sediments can be divided into two main groups, comprising 

pelagic and terrigeneous deposits. The main basis for classifications 

appears to be source and origin of deposition (see Table 3).

3.2.1 Pelagic Deposits

These are materials comprised largely of the remains of marine 

organism, volcanic ashes and wind-borne dust etc. which settle out from 

the water column ( Longwell and Flint, 1962 ). The deposition rate is 

very slow, about 0.1 to 30 mm per 1000 years ( see Table 3.1 ). Pelagic 

sediments cover almost 3/4 of the world's ocean floor at water depths 

in excess of 4.5 km ( 48 % calcareous; 14 % siliceous; 38 % brown 

clay; Ewing et al., 1973 ) and are found predominantly in the Pacific 

Ocean ( Horn et al., 1974 ).

3.2.2 Terrigeneous Deposits

These deposits are comprised of various proportions of clay, silt, 

sand and gravel size ( Davie et al., 1978 ). Their properties depend on 

the morphological constraints, such as the slope gradient of the ocean 

floor. The depositional mechanisms ( eg. turbidity currents ) can give 

the terrigeneous deposits a heterogenous nature. The coarse materials 

transported by a turbidity current or flow slide will be deposited on 

the steeper continental slope to form " proxal turbidites ",while silts 
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and clays will be deposited on the flatter slope of the continental 

rise or even reaching the flat abyssal plain as " distal turbidites " 

depending on the speed and the density of the turbidity current ( Embly 

and Jacobi, 1977 ).

The turbidite layers are generally between a few centimetres to metres 

thick as they were deposited in a single geological event. The average 

period of occurrence of a single turbidity current is not known 

exactly, probably about the same order as interglacial periods of 

10,000 years. Therefore cubove. each turbidite layer , pelagic deposits 

can build up to form a bed of hemi-pelagic deposits. The terrigeneous 

deposits occur more frequently in the North Atlantic than the North 

Pacific Ocean. This is mainly due to the presence of the tectonic 

boundary which acts as a barrier round the perimeter of the Pacific 

and also a smaller catchment area supplying river sediments to the 

Pacific Ocean ( Hornet al., 1974 ).

3.3 The Great Meteor East ( GME ) Study Area

3.3.1 Regional Setting

The principal area of the Great Meteor East ( GME ) is situated 

between 30.5°N and 32.5°N, 23°W and 26°W ( see Fig. 3.2 ) on the 

western margin of the Madeira Abyssal Plain ( MAP ) in the centre of 

the Canary Basin. Immediately to the west of GME the abyssal plain 

abuts against the lower flank of the Mid-Atlantic Ridge which is 
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characterised by numerous abyssal hills and seamounts. The central and 

deepest part of the Canary Basin is occupied by the MAP, a narrow strip 

of flat seafloor about 200 km wide. It's eastern edge includes the 

lowermost part of the Madeira-Tore Rise, the Canary Rise and the North-

Western African Continental Rise (see Fig. 3.3). Water depths in most

areas at GME vary between 5 and 5..5 km ( Searle et al., 1985 ).

3.3.2 Sedimentology

Sediment thickness within the GME varies from zero to over 2 km.

The greatest thickness occurs in the narrow basement valleys in the 

centre of the area and in the fracture zone. Sediment thicknesses in 

excess of 250 metres characterises most of the area, including almost 

all of the area beneath the abyssal plain ( Searle et al., 1985 ). 

Sediments fall into two basic types : turbidites and pelagic 

deposits ( see section 3.2 ). These two types of sediments alternate 

generally with thick turbidite layers ( 0.5 to 5 metres thick ) 

separated by thin layers of pelagic deposits. Sedimentation in this 

area is cyclical with the pelagic units being deposited very slowly and 

the turbidites rapidly. The rate of deposition for the pelagic unit 

varies from about 0.25 to 0.6 centimetres per 1000 years. The period 

of deposition of a single turbidite is not known but is likely to 

be less than one year ( Bowen et al., 1984 ). Studies on some recovered 

core samples show that the mean sedimentation rate varies from 4.6 to 

10 centimetres per 1000 years ( Searle et al., 1985 ).
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It has been shown by Searle et al. ( 1985 ) that the turbidites 

originate from the upper continental slope of north-west Africa or 

possibly from the Madeira Rise ( see Fig.3.3 ). The large scale

sediment mass movement on the upper continental slope off north-west 

Africa seems to be triggered during major sea level rises and falls 

( ie. at the beginning or the end of an ice-age ), but not during the 

quiet intervals between them ( Embly, 1976 ; Searle et al., 1985 ).

3.3.3 Sediment Properties

Extensive laboratory tests (eg. index, oedometer, strength tests etc), 

have been carried out on a number of recovered core samples. 

Results of these tests show that these sediments are very soft in 

their natural states with natural water content above the liquid limit. 

Generally they contain about 60% calcium carbonate and clay fraction 

( < 2 ytcm ) varies between 40% and 60% ( see Fig. 3.5a). Results 

also show that these sediments are highly compressible with the 

compression index, Cc varying between 0.5 and 1.5 ( Fugro, 1982 ) and 

the measured permeability within the turbidite layers being in the 

order of 10~^ to 10~® m/s ( Searle et al., 1985 ). The undrained shear 

strength ratio, cu/ <5V' obtained from triaxial compression tests on the 

same sample core is found to be approximately 0.25 for 

unconsolidated undrained tests and 0.35 for consolidated undrained 

tests ( Freeman, 1984 ; see Fig. 3.5c ). Results of the motor-vane tests 

on other core samples reported by RGD ( 1982 ) show that the vane 

strength increases with depth with an average sensitivity of about 4 
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( Fig. 3.6b). The sudden increase in strength at depths of 4.5 metres 

and 8.5 metres corresponds to thin layers of hemi~pelagio and 

pelagic clays ( see section 3.2 ). It is not clear whether the pelagic 

clays are stronger than the turbidites or whether this is only a 

result of sample disturbance ( Freeman, 1982 ).

3.4 The Nares Abyssal Plain ( NAP ) Study Area

3.4.1 Regional Setting

The Nares Abyssal Plain ( NAP ) site is situated between 22° N

and 24°10'N, 60°50'W and 66°W ( see Fig. 3.2 ), and is bounded in the

south by the Greater Antilles Ridge, in the west by the Verna Gap and by

the edge of the Southern Bermuda Rise in the north (see Fig. 3.4 ;

Duin, 1984 ). The NAP site is an essentially flat area, dipping gently 

to the north and east ( gradient 1:2000 ) and is interrupted only by 

isolated volcanic peaks and basement highs. Water depths in most of 

the area vary between 5.5 and 6 km.

3.4.2 Sedimentology

Generally the NAP sediment thickness lie between 300 and 700 

metres, the average thickness is being approximately 500 metres 

Duin, 1984 ). Studies show that the upper stratified sediments are 

deposited partly by turbidity currents ( see section 3.2 ), thus the 

sediment column is rather variable ( Kuijper, 1984 ). It may contain 
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predominantly pelagic sediments laminated with turbidite silts or a 

few tens of metres of turbidites interbedded with pelagic deposits. In 

general the sediment column can be characterised by a number of more 

or less consistent sedimentary units ( pelagic and turbidite deposits 

). These consist of interbedded limestones and cherts, together with 

consolidated and unconsolidated silts, clays and microfossil oozes.

The average sedimentation rate for the pelagic clays is about 2 

to 3 centimetres per 1000 years and about 10 to 50 centimetres per 1000 

year for turbidites in the area ( Kuijper, 1984 ). At present 

turbidites enter the NAP area only through the Verna Gap in the west 

after they have traversed the Southern Hatteras Abyssal Plain ( Duin, 

1984 ; see Fig. 3.4 ).

3.4.3 Sediment properties

Results of laboratory tests on some recovered core samples ( see 

Table 3.2 for core details ) show that these sediments are very soft 

and contain not more than 10 % calcium carbonate with clay fraction 

varying between 70% and 80% for pelagic clays and between 20% and 

40% for turbidites ( RGD, 1984 ; see Fig. 3.7 ). The fine grain 

portions of the turbidites are found to be very compressible with the 

compression index lying between 0.5 and 1.0 ( Fugro, 1985 ) and the 

permeablility between 10"9 and 10_10Hs (Shepard, 1984 ). The undrained 

shear strength generally increases with depth ( Shepard, 1984 ; see 

Fig. 3.8 ) with the maximum strength occurring immediately adjacent to 
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the silt rich base of the turbidite interval, which is almost twice 

the strength determined from the overlying more clay rich sediment.
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Chapter 4 : Review of the Behaviour of Deep-Ocean Sediments (to 1985)

In the absence of any major geological event such as erosion and 

glaciation taking place in the deep-ocean seabed, the sediments should 

be normally consolidated soils ( ie. the current vertical effective 

stresses should not have been exceeded; Terzaghi and Peck, 1967 ). 

Results reported by other researchers showed that deep-ocean sediments 

are overconsolidated ( OCR > 1 ) particularly over the top few metres 

of the seafloor ( eg. Demars, 1975; Carchedi, 1979; Silva et al., 1984) 

and underconsolidated at deeper depths ( eg. Silva and 

Jordan, 1984 ). Their results also showed that deep-ocean sediments

are aged, cemented in-situ ( Nacci et al., 1975; Kelly et al.,1974 )

and may show a grain crushing phenomenon ( Valent, 1979 and

Valent et al., 1982 ).

Most of the deep-ocean sediment information reported in the

literature has been obtained from tube sampling and the geotechnical 

data for these sediments were mostly obtained from the results of 

conventional shear strength tests ( eg. motor-vane and fall-cone 

tests ) and from oedometer tests on specimens taken from tubed 

samples ( eg Buchan et al., 1971; RGD, 1982 ). These testing techniques 

are at best approximate methods of measuring the geotechnical 

properties of fine grain soils and when performed on recovered samples 

there are additional effects of samples disturbance due to pore 

xA/ctter expansion. To-date extensive laboratory strength measurements 

( eg. triaxial testing ) have been performed on recovered deep-ocean 
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sediments tubed samples and most of these tests are either 

unconsolidated or isotropic consolidated undrained compression tests 

(eg. Demars,1975; Valent et al., 1982; Silva et al , 1984). Little 

information is available on the behaviour of KQ consolidated 

deep-ocean sediment samples. Nevertheless the conventional triaxial 

test will improve the credibility of both stress-strain stiffnesses 

and strength profiles, although the uncertainties concerning the 

effects of sampling disturbance and pore wter expansion due to 

the excessive total stress release (—50 MPa ) will remain.

A summary of the available published basic geotechnical properties 

( eg. m , LL , PL , particle size , vane' strength profiles ) of 

some North Pacific and North Atlantic deep-ocean sediments taken along 

the recovered sample cores is given in Figs. 4.1 to 4.10 ( see

Tables 4.1 and 4.2 for core details ).

4.1 Index Properties

The basic index properties of deep-ocean sediments are mostly 

available in the literature. Plasticity charts for some of the North 

Atlantic and North Pacific deep-ocean sediments have been summarised by 

OAP ( 1982 ), see Figs.4.11 (a) and (b). It can be seen that all the 

results plot adjacent to the A-line except for the high carbonate 

clayey silts reported by Nacci et al.( 1975 ) which are below the A- 

line. This may reflect the presence of water trapped within the 

calcareous soil skeleton.
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Index test results are obtained from tests based on experience 

on terrestrial soils. To-date no standard method of preparation 

and testing for deep-ocean sediments has been published. Richards 

(1974) suggested some standardised methods of index tests for deep-

ocean sediments regarding the presence of salt in the sediments, while 

Noorany ( 1982 ) introduced a simplified equation for the calculation 

of salt-water content. Demars et al. ( 1976 ) suggested carbonate 

content as an index property for ocean calcareous sediments since the 

results of the index properties obtained by conventional testing 

techniques may be questionable due to the high water-holding capacity 

and the susceptibility to crushing of the calcareous particles.

4.2 Consolidation and Compression Characteristics

A large number of laboratory consolidation tests have been 

performed on samples of deep-ocean sediments mainly recovered from 

shallow depths ( top 8 metres ). Most of these tests have been 

performed either in conventional oedometers or in back pressured type 

of consolidometers to ensure full saturation during testing. No 

significant difference has been found on the evaluation of the 

consolidation characteristics by these two methods ( Clukey and 

Silva, 1981 ; Valent, 1979 ; Nickerson, 1978 ).

The shape of the void ratio versus log curve for a normally 

consolidated soil will be straight with pre-consolidation vertical 

effective stress, 0vc' equals to in-situ vertical effective stress,
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( ie. OCR =1 ). Results presented by Bryant et al.( 1974 ) for 

some deep-ocean carbonate sediments from the Gulf of Mexico show 

concave upward e-log curves ( see Fig.4.12 ) which make the 

determination of value of <svcx and the compression index, Cc very 

difficult. These concave upward e-log curves may be associated with 

sensitive clay fabric ( Terzaghi and Peck, 1967 ), but other deep-ocean 

carbonate and non-carbonate sediments do not show sigificant concave 

e-log <SV' curves ( eg. Demars,1975 ; Valent et al., 1982 ; Silva and 

Hollister, 1979 ; Silva and Jordan, 1984 ; see Figs. 4.13 to 4.16 ).

A number of empirical correlations between the compression index and 

some index properties have been developed for terrestrial and shallow 

marine soft clays ( see Table 4.3 ). They provided a framework from 

which to compare the results of deep-ocean sediments. Nacci et aL 

( 1975) suggested that, on average, marine clays were more 

compressible than terrestrial clays with the same liquid limit. It was 

suggested that these higher compressibilities for marine clays could 

probably be attributed to the more highly flocculated microstructure 

of the clays deposited in a saline environment. A new empirical 

correlation between the compression index and plasticity index ( see 

Fig. 4.17 ) based on results of a large number of tests on two types of 

North Atlantic deep-ocean biogenic oozes was then developed. A 

comprehensive study on the prediction of the compression index using 

these empirical correlations, ( Valent et al., 1982 ) led to the 

conclusion that none of these correlations could accurately predict 

the compression indices of the types of North Atlantic calcareous 
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oozes they tested. Demars et aL(1976) showed that the compression 

index decreased with increasing carbonate content ( see Fig. 4.18 ) 

which also agreed well with the investigations by Poulos ( 1980 ), 

see Figs. 4.19 and 4.20.

The reasons for the overconsolidated behaviour particularly over 

the top few metres of the seabed (see Figs. 4.21 and 4.22) r is 

not clear. Experiences based on terrestrial soils and near shore 

marine clays suggested that this behaviour may be attributed 

to ageing and delayed consolidation ( Bjerrum, 1967 and 1973 ). 

Cementation of deep-ocean carbonates ( Kelly et al., 1974; Nacci et 

al., 1975 ) is also a likely contributory factor. The effects of 

carbonates on overconsolidaton ratio has been investigated by 

Demars, 1975 on some North Atlantic carbonate sediments. His results 

are plotted in Fig. 4.23 which indicate that overconsolidation 

ratio increases with calcium carbonate content. At shallow depth, all 

above reasons for the overconsolidated behaviour are possible whereas 

gravitational consolidation due to the increasing sediment overburden 

may exceed these effects ( ie. pre-consolidation pressure, <5VC' ) at 

depths below about five metres of the seabed and this suggests that 

ageing and cementation bonds may be fairly weak in these sediments. 

Due to the slow rate of sedimentation of these sediments the reason 

for the underconsolidation at deeper depth is not clear, except 

it may be a result of sampling disturbance ( Hvorslev, 1949 ).

Results of consolidation tests yield coefficient of consolidation,
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cv and the coefficient of volume compressibility , rr^ from 

which the permeability, k can be calculated from the equation, 

k = . cv . mv (Terzaghi, 1943). Very little information can be

found in the literature on the values of cv for deep-ocean sediments 

(for limited published data, see Table 4.4 ). The permeability can also 

be calculated directly by imposing a hydraulic gradient across the 

sample and measuring the flow rate. Clukey and Silva (1981) have 

compared permeability values derived by these two methods 

and found reasonable agreement between them. Silva et al.(1984) and 

Bryant et al. (1975) present results of the coefficient of 

permeability of a number of deep-ocean sediments with a range of void 

ratios ( see Figs. 4.24 to 4.26 ). It can be seen that the Atlantic 

calcareous sediments are more permeable than the Pacific clays. 

The typical values of permeability vary from 10~® to lCF^U^at 

low effective stresses and high void ratios.

Under the condition of deposition in the deep-ocean, the sediments 

are consolidated under Ko conditions ie. no lateral strain . Ko 

values can be measured either by laboratory equipment eg. instrumented 

oedometers ( Brooker and Ireland, 1965 ) , triaxial apparatus ( Bishop 

and Henkel, 1962 ) or by in-situ equipment eg. pressuremeters ( Wroth, 

1984 ). There is little information in the literature on the values of 

KQ of deep-ocean sediments. The available KQ values are mostly 
a.

determined by conventional labo^tory triaxial testing equipment ( eg. 

Herrmann and Houston, 1976 ; Sicilliano, 1984 ; Marine Geotechnical 

Consortium, 1985 ) and their results are summarised in Table 4.4 . It 
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can be seen that the KQ values of the Atlantic silts and clays are 

lower than those of the Pacific pelagic clays.

4.3 Stress-Strain Behaviour

Very little detailed published data can be found on the 

stress-strain stiffnesses of deep-ocean sediments. Some geophysical 

studies have been made on the elastic properties of seafloor 

sediments (Hamilton, 1971), indicating values of Poissons ratio for 

some marine sediments between 0.44 and 0.49 with a wide range of wet 

density ( see Fig. 4.27 ). Other researchers ( eg. Nacci et al. 1975 ; 

Davie et al., 1978 ; Akers, 1980 ; Silva et al., 1983 ; Nambiar, 1985) 

used conventional strain controlled triaxial apparatus ( Bishop and 

Henkel, 1962 ) to measure the stress-strain-pore pressure response of 

deep-ocean sediments ( see Figs. 4.28 to 4.32 ). Modulus of 

elasticity, E is usually expressed as E5q / cu where cu is the 

undrained shear strength and E5Q is the secant modulus at 50 % 

peak shear stress (Davie et al., 1978 ; Poulos, 1980), while 

others ( eg. Akers, 1980 ; Silva et al., 1983 ) expressed tangent 

modulus as a function of deviator stress and compared with the 

hyperbolic model ( Konder, 1963 ; see Fig. 4.28 ).

The range of the stress-strain stiffnesses of deep-ocean 

sediments is not known. Soil stiffnesses depend on the current 

effective stresses, water content and on the stress history of the 

soil, type of test conditions ( eg. isotropic or anisotropic 
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consolidated ) as well as on the type of interpretation used 

for analyses (secant or tangent stiffness, Atkinson et al., 1985c). 

Generally the modulus of elasticity values obtained by the 

geophysical methods are higher than those obtained by the conventional 

static laboratory tests ( ie. triaxial tests ) because the former 

methods measure elastic moduli at extremely low strain amplitudes 

( Morris and Abbiss, 1979 ).

4.5 Strength Characteristics

The strength characteristics are usually expressed either in terms 

of undrained shear strength cu or in terms of effective stress 

parameters ( ie. c'and ). Most available undrained strength data 

with depth of deep-ocean sediments have been obtained by 

laboratory motor vane shear apparatus ( eg. Keller and Lambert, 1980 ; 

Kelly et al., 1974 ; Silva, 1979 ; see Figs. 4.33 and 4.34 ), while 

further undrained shear strength data and the angle of internal 

friction, have been determined from conventional triaxial 

compression tests (Bishop and Henkel, 1962) on isotropically 

consolidated samples ( eg. Demars, 1975 ; Akers, 1980 ; Valent et 

al., 1982 ). Very little information is available on the behaviour 

of anisotropically ( ie. KQ ) consolidated deep-ocean sediments and no 

previous work has been carried out using advanced triaxial testing 

equipment ( eg. Atkinson et al, 1985b ; Clinton and Woods, 1986 ). The 

undrained shear strength profiles of deep-ocean sediments have also 

been determined by in-situ measurements eg. in-situ vane apparatus ( 
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Silva, 1985 ); free-fall penetrator ( Freeman et al., 1984 ). These 

allow comparisons to be made between laboratory and in-situ measured 

data.

The range of the undrained shear strength profile of a number of 

different deep-ocean sediments have been summarised by Davie et al. 

( 1978 ) and OAP ( 1982 ) which show large variations of the strength 

profiles ( cu/ d ) and this probably reflects the heterogenous nature 

of the sediments, different testing conditions and different degrees 

of sampling disturbance. In general the deep-ocean calcareous oozes 

exhibit higher strength data ( ie. cu/ d and 0' ) than the non- 

calcareous deep-ocean sediments and terrestrial soils at the same 

plastic index . This can probably be attributed to the presence 

of cementation bonds and interlocking between the calcareous 

particles ( Damars et al., 1976 ; Kelly et al., 1974 ).

Sicilliano ( 1984 ) investigated the effects due to the test 

conditions ( ie. isotropic and Ko normally consolidated ) on the 

behaviour of deep - ocean sediments using conventional strain 

controlled triaxial apparatus ( Bishop and Henkel, 1962 ). His results 

showed significant different undrained effective stress paths between 

them ( see Fig. 4.35 ), whereas very similar strength data were 

obtained at maximum effective stress ratio, (5|7 O3' ( see Fig*  

4.36 ).

The effective angle of internal friction, 0'for some North Atlantic 
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deep-ocean sediments have been reported by Demars etal., 1976 and 

are found to be higher than the terrestrial soils ( see Fig. 4.37 ). 

Grain crushing phenomena on some calcareous oozes have been 

reported by Valent ( 1979 ) from which the angle of internal friction,

<Z>' decreased with increasing effective stress level ( see Fig. 4.38 ) 

Nambiar et al. ( 1985 ) investigated the effect of calcium carbonate on 

the strength properties of a fine grained carbonate sediments. No grain 

crushing phenomenon was observed with increasing effective stress 

level and on the removal of calcium carbonate the angle of 

internal friction decreased from 36.9° to 32.5° ( see Fig. 4.39 ).
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Chapter 5 : Procedures for Sample Trimming and Classification Tests

5.1 The Sub-Sample Cores

Deep-ocean sediment samples were provided by the Institute of 

Oceanographic science ( IOS ) and the Building Research Establishment 

( BRE ). These samples were recovered by gravity corers ( Schultheiss, 

1982 ) at different locations ( mainly within the GME and NAP sites; 

see chapter 3 ) in the North Atlantic Ocean. They were contained in 

plastic tubes of different diameters and lengths depending on the type 

of sampling method used. The original long sample cores were cut to 

short lengths ( sub-sample cores ) and sealed with plastic end caps 

before transporting to the soils laboratory at the City University. 

These sub-sample cores were then stored in the refrigerator of about 

5° C to await testing. Details of these sample cores are given in 

Table 5.1.

5.2 Trimming of the Sub Sample Cores

The sub-sample cores were carefully extruded and trimmed to 

nominal 38 mm diameter triaxial specimens with equipment which will be 

described in the following sections. The trimmed triaxial specimens 

and the trimmings were examined for evidence of layering and were 

then covered with cling-film, placed in labelled plastic bags 

( with marks to distinguish between the top and bottom of the 

samples ) and then restored in the refrigerator. For the purpose of 
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this thesis all trimmed triaxial specimens were named " tubed " 

specimens. The trimmings of the samples were then kept separately 

for classification tests ( see later sections ).

5-2.1 The IOS Tubed Specimens

A number of sub-sample cores (core no. 10406) were provided by the 

Institute of Oceanographic Science ( IOS ). Their locations are just 

outside the GME study area ( see chapter 3 ) and are referred as the 

IOS-samples. They were contained in transparent plastic tubes of about

2.5 mm wall thickness and sealed with end caps ( see plate 5.1 ; Table

5.1 for details ). These samples were extruded by simply pushing at one 

end using a piston and were then trimmed to nominally 38 mm diameter 

by 100 mm long on a wire-saw frame ( see Plate 5.2 ). In the process of 

trimming the sample and the wire-saw were charged with a 12 volts DC 

supply. It is believed that the electric current passing through the 

pore water ( salt-water ) of the sediments could reduce further sample 

disturbance during the trimming process ( Atkinson, 1984a ). The 

trimmed triaxial specimens were then restored in the refrigerator to 

await for testing.

5.2.2 The GME Tubed Specimens

A number of sub-sample cores (D11172-6 and D11174-10) were 

provided by the Building Research Establishment ( BRE ) and their 

locations are within the GME study area ( see Chapter 3 ) and are 
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referred as the GME - samples. They were contained in transparent 

plastic tubes, sealed with end caps ( similar to those of the IOS-

samples; see Table 5.1 for details ).

These sub-sample cores were trimmed to triaxial specimens by using a 

38 mm internal diameter by 120 mm long thin wall tube. Plate 5.3 

illustrates the tubing equipment for these samples in which the 

core sample was extruded by pushing a piston at one end of the core at 

the same time the sample was trimmed by the thin wall tube which has 

been fixed in position at the other end. The speed of the piston for 

extruding the sample was kept to a continuous motion of about 1mm per 

second until the tube was filled. The filled tube was then covered with 

cling-film and placed in plastic bag and restored in the refrigerator 

awaiting for testing. The trimmings of the samples were examined and 

described before transferring to a separate plastic bag for later 

classification tests.

5.2.3 The NAP Tubed Specimens

A number of sub-sample cores (84 PCM 19 and 33) recovered by 

gravity piston corers ( Schultheiss,1982 ) from the NAP study area 

( see Chapter 3 ) in the North Atlantic Ocean were provided by the 

Institute of Oceanographic Science (IOS) and were named the NAP- 

samples. Only two of these cores were taken for testing ( see Table

5.1 for core details ). These samples were contained in 83 mm internal 

diameter by 700 mm long plastic tubes with 5 mm wall thickness and 

68



sealed with plastic end caps. These samples were extruded and trimmed 

to triaxial specimens using a 38 mm internal diameter by 120 mm long 

thin wall tube. Plate 5.4 illustrates the tubing operation of a sub-

sample core in which the sample was extruded vertically upwards by 

pushing a piston at constant speed HI mm per second ) from the bottom 

end of the sample, and at the same time the sample was trimmed by the 

thin wall tube which has been fixed in position at the top. The top 5 

mm of the core samples were removed before the tubing operation began. 

After the tube was filled, it was then covered with cling-film and 

placed in plastic bag before restoring in the refrigerator for future 

testing, whereas the trimmings were kept separately for later 

classification tests. The remainder of sub-sample cores were then 

resealed with end caps and restored in the refrigerator to await 

further tests.

5.2.4 The GME C6 Tubed Specimens

Four sub-sample cores were provided by the ESOPE Research Party 

via the Building Research Establishment. These samples were recovered 

by a Stacor large-sized fixed piston corer ( Fay et al., 1985 ) at a 

location within the GME study area ( see Chapter 3 ) and were named 

the GME-C6 samples ( see Table 5.1 for core details ). These samples 

were contained in plastic tubes of 10 mm wall thickness and sealed with 

plastic end caps. These samples were extruded and trimmed to 38 mm 

diameter triaxial specimens by thin wall tubes using procedures similar 

to those for the NAP-samples, except that three triaxial specimens 
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were obtained at the same level of the sub-sample core ( see Plate

5.5 ). The cores and/or trimmed triaxial specimens were then resealed 

with end caps and restored in the refrigerator for future testing.

5.3 Procedures for Classification Tests

All the classification tests were carried out on the trimmimgs of 

the sub-sample cores. Procedures for these tests were performed in 

accordance with BS 1377:1975 but with slight modifications due to the 

presence of salt in the sediment.

5.3.1 Salt Water Content Determinations

The water content was determined by oven-drying at 105° C over a 

period of 24 hours and is defined as the proportion of liquid phase to 

solid phase by weight in %. The actual water content ( salt-water 

content ) due to the presence of soluble salt in the liquid phase can 

be calculated by using an expression given by Noorany ( 1984 ), ie.

m = m/ (l-r - r.m / 100 ) (5-1)

where m is the salt water content in %,

m is the uncorrected water content determined by conventional 

method in %,

r is the proportion of salt in salt water by weight and is

assumed to be 0.035.

70



5.3.2 Atterberg Limits

A standard cone penetrometer was used to determined the liquid 

limits of the sediments. A cone test was first carried out on a 

specimen at natural water content according to procedures as described 

by BS 1377:1975 Test 2A for air dried soils. If the natural state of 

the sample was below the liquid limit ( ie. penetration below 20 mm ), 

three more cone tests were carried out at higher water content by 

adding salt-water (r = 0.035) to the sample as recommended by 

Richards ( 1974 ). If the natural state of the sample was above or 

equal to liquid limit, the sample was then allowed to air-dry at 

room temperature before carrying out the next three cone tests as 

described above. Water contents were calculated as described in 

section 5.3.1.

The plastic limit was determined according to procedures as 

described by BS 1377:1975 Test 3A on air-dried samples. Water 

contents w7ere calculated as decribed in section 5.3.1.

5.3.3 Specific Gravity Tests

The Density Bottle Method as described by BS 1377:1975 clauses 

2.6.23 to 2.6.24 was used to determine the specific gravity of the 

sediment. Samples were first prepared by washing with distilled water 

through filter paper for three times in order to leach out dissolved 

salt. The washed samples were allowed to air-dry and then were broken 

down into powder form using a rubber pestle before carrying out the 
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specific gravity tests.

5.3.4 Particle Size Analysis

The hydrometer method as described by BS 1377:1975 was used 

to determine the particle size distribution of the sediments.

5.3.5 Calcium Carbonate Content Determinations

The gravimetric method for the loss of carbon dioxide ( Chaney et 

al., 1982 ) was used to determine the calcium carbonate content of the 

sediments.

5.3.6 Particle Shapes

Electro-micrographs from a scanning electron microscope were obtained 

and these discussed in Chapter 8 (see Plate 8.1).
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Chapter 6 : Microcomputer Controlled Triaxial Stress Path Cells

Two types of microcomputer based automatic control systems for 

triaxial stress path testing were developed at the City University. The 

first type has been described by Atkinson et al. (1983), which 

operates six hydraulic triaxial stress path cells ( Bishop and Wesley, 

1975 ) logged and controlled by a central microcomputer named the 

'Spectra' system. This was later linked with a second microcomputer for 

permanent data storage and analysis ( Woods, 1985 ). The second 

triaxial stress path control system was developed on the basis of the 

'Spectra' system but operates a single triaxial cell with a dedicated 

BBC Acorn B type microcomputer ( Clinton, 1985 & 1986 ). Both systems 

are operated with feed-back control and have the same type of 

instrumentation but experience has shown that the 'BBC' automatic 

control system is more versatile than the 'Spectra' control system. The 

'BBC' control system can easily be converted to manual control by 

replacing the microcomputer with cyclic relay timers and a 

digital voltmeter ( Atkinson, 1985b ). It also has the advantage that 

an accident ( eg. operator's error ) involved in one cell cannot affect 

any other apparatus. There is also the added flexibility in being 

able to develop the basic programme to carry out special testing 

requirements.

The majority of the tests reported in this thesis have been carried out 

in the 'Spectra' control system.
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6.1 The Triaxial Stress Path Apparatus

The triaxial apparatus was used to test 38 mm diameter soil samples. 
4

In this apparatus the sample is placed vertically in the apparatus 

between two rigid end platens and encased in a rubber membrane. The 

radial and pore pressures are controlled by fluid pressure, while the 

axial load is supplied by hydraulic pressure to the base ram of the 

apparatus ( Fig. 6.1 ). This type of hydraulic triaxial stress path 

cell was developed by Bishop and Wesley (1975). A slightly modified 

version of this apparatus has been developed at Imperial 

college recently and is used at the City University ( see Plate

6.1 ) where a drainage connection block has been added and the cell 

body has been enlarged to 200 mm diameter to accommodate larger samples 

and internal instrumentation.

Since the liquid phase of the soil sample is sea-water, salt-water was 

used as cell fluid to avoid building up osmotic pressure across 

the sample membrane which would cause a migration of water through 

it. An internal salt water chamber ( Atkinson and Lewin, 1984 ) which 

allows the sample to be completely surrounded by salt water while 

using de-aired main tap water for the bulk of the cell fluid ( see 

Plate 6.2 ) was made for the standard aluminium cell body. A 

complete stainless steel triaxial cell operated with a 'BBC' control 

system which allows de-aired salt-water to be used as the cell fluid 

was also used.
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6.2 Instrumentation and Calibration

The instrumentation in the Bishop and Wesley triaxial cells consists of 

standard triaxial electrical instruments which measure the axial force, 

cell pressure, pore pressure, axial displacement and volume change. The 

principle that the measuring instruments should be positioned as close 

as possible to the sample is for accurate measurement and also for 

ensuring accurate feed-back control. The general arrangement of the 

instruments on the triaxial apparatus is shown in Fig. 6.1. The 

electrical instrumentation is based on a full Wheatstone Bridge 

arrangement of strain gauges powered by a maximum nominal voltage of 10 

volts.

6.2.1 Axial Load Cell

A standard 450 kgf Imperial College type internal load cell was used 

to measure axial force. This device makes all measurements inside the 

cell body and close to the sample so as to measure axial load without 

friction lossess and also unaffected by changes of cell pressure. This 

device was calibrated by dead weight method and the detailed 

calibration procedures have been described by Atkinson et al. (1983) 

for the 'Spectra' control system and by Clinton (1985) for the 'BBC' 

control system. A typical calibration curve for the load cell is given 

in Fig. 6.2.
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6.2.2 Pressure Transducers

Both cell and pore pressures are measured by Druck type pressure 

transducers with a range of 0-1000 kPa. The cell pressure transducer is 

mounted at the base of the cell body and the pore pressure transducer 

is mounted in the drainage block measuring pore pressure at the base of 

the sample via a drainage lead ( see Fig. 6.7 ). A standard pressure 

transducer calibrator was used to calibrate the transducer 

characteristics and a typical calibration curve is given in Fig. 6.4.

6.2.3 Volume Change Transducers

The volume change is measured via a second drainge lead at the sample 

base through the drainage block to a 50 cc capacity Imperial College 

volume gauge adjacent to the triaxial apparatus. The change in volume 

in the volume gauge is measured by monitoring the movement of the 

floating frictionless piston with a displacement transducer ( see Fig. 

6.7 ). A typical calibration curve for the volume gauge is shown in 

Fig. 6.5.

6.2.4 Axial Displacement Transducer

The axial displacement of the sample is measured externally by 

monitoring the upward movement of the axial ram piston with a 

displacement transducer and a dial gauge mounted at the top of the 

cell body ( see Fig. 6.1 ). The displacement transducer was
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calibrated using a micrometer and a typical calibration curve is 

shown in Fig. 6.6.

6.3 Pressure Control and Power Supply System

The pressure supplied to the hydraulic stress path cells is from the 

cell pressure, back pressure and the axial ram pressure. These 

pressures are supplied by a central air compressor operating at about 

800 kPa, which is stepped down through an air-pressure control valve 

allowing a maximum operating pressure of about 700 kPa to the triaxial 

apparatus. This supply pressure passes through three air-pressure 

control valves, one regulates pressure directly to the back pressure in 

the volume gauge and the others to the cell and the axial ram pressures 

through air and water interfaces. Axial strain control can be operated 

by linking a Bishop-type screw jack ram into the the axial ram 

hydraulic system and closing the lead to the air and water interface 

(see Fig. 6.1). The control of the pressures to the triaxial apparatus 

can be done by air-pressure control valves driven by electric motors 

acting through suitable reduction gear-boxes. Two types of motor system 

were used . One operated in the 'Spectra'control system which uses 

240 volts AC motors acting through gear boxes and controlled by 

switching the motors on or off as required. The other type of motor 

operates in the 'BBC' control system which uses 12 Volts DC stepper 

motor acting through gear boxes. Opening and closing a switch will 

cause the motor to step through a small fixed rotation. Thus it is 

controlled by opening and closing a switch a number of times.
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The axial strain control can be achieved by connecting a motor with a 

suitable reduction gear box directly onto the Bishop-type ram drive to 

the axial ram hydraulic system (see Fig. 6.1). The combination of the 

motor and the gear box provided a maximum axial strain rate in the 

'"Spectra'" system of about 0.5 % per hour and a maximum of about 3 

% per hour in the "BBC" system for a 76 mm long sample.

Both the "Spectra'" and the "BBC" control systems are powered by a 240 

volts mains power supply through filters to remove spikes and to avoid 

external interferences. Precautions have also been made to protect 

the systems against mains power failure. In the event of a mains power 

supply failure the main components of the systems (ie. 

instrumentation) are immediately supplied by an emergency back-up 

power pack which lasts for about an hour. Later( within half an hour 

after power failure ) a back-up generator is automatically switched 

on to supply power to both the air compressors and the main components 

of the control system until the mains power supply resumes.

6.4 The "Spectra" Microcomputer Control System

The details of the arrangements of this system and its operation have 

been described by Atkinson et al.(1983), see Plate 6.3. This system 

was subsequently linked with a second microcomputer mainly for data 

storage and analysis ( Woods, 1985 ). For the purpose of this thesis, 

only the main components of the system and its main operation will be 

described.
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6.4.1 The Main Components of the System

The 'Spectra'control system comprises six Bishop and Wesley type

triaxial cells which are controlled and monitored by a central

Intercole Spectra X-b system ( see Plate 6.3 ) which consists of

a) a 32 K words memory microcomputer for control operation and

data storage;

b) a single cartridge tape drive for the operating programme;

c) a VDU with keyboard for control console;

d) a 48 input and output channel interface unit for analogue 

to digital and digital to analogue conversion;

e) an Epson RX-80 printer for hard copies;

f) CM 62 relay boxes for switching the electric motors;

g) a 192 k Epson QX-10 microcomputer with VDU and keyboard for 

permament data storage transferred from the 'Spectra' microcomuter.

6.4.2 Operations

The control software of this system is written in high-level Basic 

language and is named 'Spectra'. The main control loop of the programme 

is shown in Fig. 6.8. The transducers of each operating triaxial cell 

are scanned every ten seconds and the current states of stresses and 

strains are computed. These are then compared with the required states 

of stresses and strains according to the pre-defined stress or strain 

path. Corrections will be made if any current state lies outside the 
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limits specified by the operator. These limits are usually - 1 kPa for 

all stresses and t 0.01 % for all strains.

The computed current stresses and strains are recorded and stored 

hourly in the 'Spectra' computer. These records can be displayed or 

printed at any time during a test stage by interrupting the main 

control loop programme through the 'Option-Call' switch. At the 

beginning of each day the records stored for the previous 24 hours 

for each cell are transferred and stored in the Epson microcomputer 

leaving sufficient memory in the 'Spectra' computer for storing data in 

the succeeding day. At the same time all these records are 

printed as hard copies. When the test stage is stopped through the 

option menu (see section 6.6) all the current day's records are 

printed and all records since the start of the test stage are stored 

permanently on a floppy disc through the Epson microcomputer 

(Woods, 1985a).

6.5 The 'BBC' Microcomputer Control System

The details of the arrangements of this system and its operation have 

been described by Atkinson and Clinton (1984) and Clinton ( 1985 & 

1986 ). The system is similar to that of the 'Spectra' system except 

that it operates a single Bishop and Wesley-type triaxial cell ( see 

Plate 6.4 ). For the purpose of this thesis, only the main hardware 

of this system and its main operation will be described.
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6.5.1 The Main Components of the System

The main components of the system ( see Plate 6.4 ) consist of

a) a 32 k memory Acorn BBC model B microcomputer and a 32 k sideways

ram with a disc filing system for control operation and storage;

b) a Cumania single 80 track disc drive for the operating programme;

c) an Intercole Spectra Micro-ms interface unit for analogue to 

digital and digital to analogue conversion;

d) a CM 62 relay box for switching the motors;

e) an Epson RX-80 printer for hard copies;

f) a monochrome monitor screen for control console.

6.5.2 Operations

p
The control program of the 'BBC' microcon^uter is written in modular 

form to enable simple adaptations ( eg. to operate with a different 

interface unit ). More specialised stress or strain paths can also be 

accommodated by a simple alteration to the appropriate program module.

The main control program has a feed-back control loop ( Fig. 6.8 ) 

similar to that of the 'spectra' system. Signals from each intrument 

are read at a predetermined interval ( typically every 10 seconds ) and 

are transferred to the computer through the analogue-digital 

interface unit. The current values of stress and strain are computed 

and then compared with the required values calculated from the 
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predefined stress or strain path. Any required corrections can be made 

by the command of the computer to the appropriate motor via the 

digital-analogue interface unit. A set of current values of 

stress and strain is recorded at a predetermined time interval ( 

typically every one hour but will depend on the duration of test and 

loading rate ) and stored in the sideways ram. These records can be 

displayed or printed at any time by interrupting the main control 

program by pressing the ' Option-Call' switch ( see later section ). 

All records are printed and stored on a floppy disc after the test 

stage is stopped.

6.6 The Option Menu

The main control loop program ( Fig. 6.8 ) can be interrupted once the 

'Option-Call' switch is pressed. The option menu ( see Fig. 6.9 ) is 

then be displayed on screen, allowing the operator to command any other 

function corresponds to the option number. The function of each option 

is described as follows:

Option A : Return control

The computer returns to automatic control by rejoining the 

main control loop program.

Option B : Enter test data

Test data are required for the computer to calculate and to 

control stresses and strains. Data are entered at the start 

of a test stage and these are,
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a) Job title

b) Test and Stage No

c) Initial length and diameter

d) Control time interval : { fixed at 10 seconds in the 

"Spectra' system )

e) Record time interval : ( fixed at one hour in the 

"Spectra" system )

f) File name

g) Stress or strain path input specifications :

Control code -1 : no control

0 : stress control

1 : strain control

Starting values ( kPa or % strain )

Increment ( kPa per hour or % strain per hour )

Final values ( kPa or % strain )

The controller applies the required stress or strain path 

and, on completion of loading, it holds the stresses or 

strains constant at their finishing values until the test 

stage is stopped.

For the "Spectra" system the control limits for stresses and 

strains are also required and these are usually specified as 

1 kPa for all stress and 0.01% for all strains.

Option C : Zero stress tranducers

The stresses are set to zero at the stage when preparing 

the apparatus ( see chapter 7 ). These zeros are then
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recorded as references to calculate the current stresses

(see section 6.7).

DOption Set initial pressures

This option enables a check on the current state of the

specimens at the start of a test stage and also allows the

Option

required stresses to

pressure control valve

Zero strain transducers

This enables strains to

be set by controlling

manually.

be set to zero and this

the air-

should be

E

done at the start of a test stage after the initial 

dimensions of the sample have been entered through option 

B. Strains can be re-set to zero again between test stages 

if accumulated strains are not required. In this case 

new dimensions (ie. the final dimensions of the previous 

stage) must be entered.

Option F : Start a test stage

The apparatus is completely under computer control accord-

ing to the input test data in option B. A hard copy of the 

entered test data is obtained.

Option G : Stop a test stage

The test is stopped. All records are then printed and 

stored on a floppy disc.

Option H : Display current state

The current state of the sample is displayed on screen.

Option I : Print record in store

Record is printed as hard copies.
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Option J : Display records in store

Records are displayed on the screen.

Option K : Calibrate transducers

This enables the transducers' output range to be calibrated 

from which a suitable gain value can be chosen to give the 

best resolution of each measuring device.

Option L : Enter calibration data

The appropriate calibration constants are entered according 

to the allocated channel number for each instrument.

Option M : Check time

This enables the computer time to be checked on screen.

Option N : Transfer data to disc

This allows data stored in the computer to be transferred 

to a floppy disc while a test is running. This option 

is not available in the 'Spectra' system.

6.7 Calculations of Stresses and Strains

6.7.1 The Current States

The current values of the five independent measurements through the 

transducers ( section 6.2 ) in terms of engineering units are 

calculated using the equation, R = C ( V - VQ ), where R is the current 

value, C is the calibration constant, V is the current output of the 

transducer and VQ is the initial value ( ie. zero ) of the transducer.
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Thus the current value of

a) the axial force, Fa = ca '' va - vao> kN (6.1)

b) the radial pressure, °r = cr : vr - vro> kPa (6.2)

c) the pore pressure, u = Cu ' vu VP kPa (6.3)

d) axial displacement, Ah = Ch ' vh - w mm (6.4)

e) volume change, AV = <^ 1: Vv VVO^ cuP (6.5)

It should be noted that compressive stresses and strains are taken as 

positive. The strains are calculated in terms of ordinary strains in 

which axial strain is Eao = Ah/hQ % and volumetric strain is evo = 

aV/Vq %, where hQ and VQ are respectively the values of the 

initial height and volume of the sample entered in Option B. The 

axial force is measured by an internal load cell which is not affected 

by the change of cell pressure and the axial stress, <5a is given by

Fa = ( 0a - 0r ). A (6.6)

where A is the current area of the sample. The current area is 

calculated assuming that the sample deforms as a right cylinder (Bishop 

and Henkel, 1962) :

A = Ao . ( 1 - Evo /100 )

( 1 - 6ao /10° ) (6-7)

where AQ is the initial sample area. The axial stress, ^a can then 
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be calculated from equations (6.1),(6.2),(6.4),(6.5),(6.6) and (6.7) 

and is written as,

= Fa . ( 1 - evo /100 )

Aq • ( 1 - Eao /loo ) (6.8)

6.7.2 The Required Stresses and Strains

The required values for the controlled stress and strain paths are 

calculated assuming that the stresses or strains vary linearly with 

time. Thus the required value after an elapsed time, t , is given by,

R(t) = starting value + ( t x increment per hour ) (6.9)

It is relatively simple to add or to alter a small subroutine to the 

control program to allow for other loading functions ( eg. non-linear 

paths ).

6.8 Accuracy of the System

The accuracy of the system can be divided into two parts, i) the 

accuracy of the measurement which depends on the measuring devices, ii) 

the accuracy of the controller ( ie. the ability to follow closely the 

required values of stresses snd strains ) which depends on the 

controlling equipment such as the speed of the motors and the 

characteristics of the pressure regulators.
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6.8.1 Accuracy of the Measurements

6.8.1.1 Resolutions

Five individual measurements are made by instruments close to the 

sample in the triaxial apparatus ( see section 6.2 ). Signals from 

these instruments pass through the analogue-digital interface unit 

before passing to the micro-computer. The conversion of the signal 

for each input channel of the interface unit should be pre-

selected to give the maximum resolution of the measuring signal. Thus 

the choice of the interface unit is important as it controls the 

accuracy and the resolution of the measuring system. The resolution 

depends on the number of bits in the interface unit. An n-bit 

interface unit will have a resolution of l/(2)n of the full range. The 

resolution of the individual instruments for the 'Spectra' and the 

BBC' control system is summarised in Table 6.1.

6.8.1.2 The Calibration Constants

The choice of the calibration constants for the instruments is an 

important factor governing the accuracy of the measurement. The methods 

of calibration have been described in some detail by Atkinson et 

al.(1983) and Clinton (1985). As a result of this calibration it is 

found that the measuring devices are non-linear over the full range of 

the calibration, particular at low stress range and near the end of 

the travel of the displacement transducers. Hystereses of the 
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instruments is also found on reversal of load and displacement. Since 

the control system allows only one calibration constant for each 

device except for the load cell which has one for compression and one 

for extension the calibration curve is linear. Thus the calibration 

constants should be chosen such that they represent the relevant 

range of stresses and displacements for a particular test, so that 

errors involved due to non-linearity and hysteresis will be kept to a 

mininum. This is illustrated diagrammetrically in Fig. 6.10 using an 

exaggerated calibration curve for a pressure transducer. The 

calibration constant is chosen such that the best measurement will be 

made if the pressure is between 200 kPa and 300 kPa.

6.8.1.3 Noise and Drift

Fig. 6.11 illustrates the definitions of noise and drift of 

the instrument output which produce variations of signals with time. 

Drift is caused by the change of resistance of the transducer at 

constant strain and its magnitude can be assessed by comparing the 

initial zero readings of the transducer with the final zero readings 

after the transducer is loaded. Noise is caused by the change of 

resistance due to interference induced by other devices. The 

magnitude of noise of the instrument can be assessed by observing the 

variation of readings over a short period of time. The magnitude of 

noise and drift of individual instrument in terms of engineering units 

are summarised in Table 6.2.
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6.8.1.4 System Compliance

There are errors in the measurement of volume change and axial 

displacement of the sample. The errors occur in the volume gauge due to 

the expansion of the volume gauge bellofram as the back pressure 

changes and the hysteresis response of the volume gauge. Clinton 

(1985) has described methods of calibrating the magnitude of volume 

expansion. The typical value for a 50 cc volume gauge is about 0.2 cc 

per 100 kPa change in back pressure. Correction for a small change of 

back pressure is not significant, while corrections for hysteresis, 

eg. on swelling , can be avoided by carefully opening and closing 

the air-bleed valve of the volume gauge ( see Fig. 6.7 ) to allow a 

small reversal of the volume transducer to take place before testing.

Errors in the measurement of axial displacement occur mainly due to 

the compressibility in the axial loading system such as the compliance 

of the load cell and the loose fitting between the load cell and the 

triaxial cell body ( Atkinson and Evans, 1985 ). The method for 

calibrating these errors has been described in details by Atkinson et 

al. (1983) and Clinton (1985). A typical curve for the compressibility 

in the axial loading system is given in Fig. 6.3. The axial compliance 

of the system is the slope of the calibration curve, which can be 

seen to be approximately linear over a range of stresses. The axial 

compliance in compression is usually found to be lower than that in 

extension. The horizontal portion of the calibration curve ( see Fig. 

6.3 ) is the gap G in the axial loading system as the load cell is
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unloaded from compression to extension due to the loose fitting in 

the leading system . The typical values for the axial compliance of 

the system in compression and in extension are respectively about 

0.05 % Ea and 0.08 % per 100 kPa change in axial stress

respectively for a 76 mm long sample and the gap G is about 0.1 mm.

6.8.2 Accuracy of the Controller

The accuracy of the controller is defined as its ability to follow 

closely the required stresses and strains. The controlling accuracies 

have been discussed by Atkinson et al.(1985b) and are illustrated 

diagrammatically in Fig. 6.12 which shows a stress path 

cell, a controller and VDU. The actual stress <5g on the sample is 

sensed by a transducer and the computed stress through the use of a 

calibration constant and displayed on the VDU is 0r . The 

microcomputer commands the controller to supply a pressure, pc ,and 

the actual supplied pressure , pG ,which gives rise to a sample 

stress, . The accuracy of the measurement ( C5g - 6^ ) is governed 

by the characteristics of the measuring system and has been discussed 

in section 6.8.1. The accuracy of the control is ( pg - pc ) which is 

governed by the pressure control system such as the speed of the motor 

and the characteristic of the air pressure regulator valve. The 

control equipment is all commercially available and its accuracy is 

usually within t 0.5 kPa. The error in ( 0"s - ps ) is mainly due to 

the friction in the loading ram and losses in the pipe work. The 

computer should continue to adjust the command pressure , pc, until the 
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recorded stress, 0r , is the same as the required stress irrespective 

of the errors in the controller, ( Ps - Pc ), and the friction losses , 

( os - ps ).

6.8.3 Discussion

From the above, it seems that the greatest error occurs in the 

measurement of the axial stress. This is partly due to the friction in 

the loading ram. Also the axial stress as calculated in eqn( 6.8 ) 

involves the errors in the other measurements. The overall accuracies 

of the individual measurements are summarised in Table 6.2 which 

are better or as good as those for the conventional triaxial 

testing equipment. Clearly errors in the derived parameters such 

as the mean effective stress pr which involves a number of 

independent measurements, may be worse than a single independent 

measurement but the worst possible error can be assessed using 

Table 6.2.

There are also errors associated with the triaxial test sample itself 

such as non-uniform straining, the effects of membrane and filter-paper 

side drain stiffnesses. These cause problems in assessing the actual 

state of stress and strain of the sample. Non-uniform straining of the 

sample refers to barrelling or necking particularly near to failure due 

to end restraints. This error may be reduced either by using free 

ends (Barden and McDermott, 1965) or by making sure that test 

samples are close to the height to diameter ratio of two to one 
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before shearing ( Bishop and Green, 1975 ) as reported here. A 

number of research workers ( eg. Henkel and Gilbert, 1952 ; Duncan and 

Seed, 1967 ; Richardson, 1985 ) have investigated the effects of 

membrane and filter-paper stiffnesses. Their results indicate that 

while errors are not significant in compression tests they are more 

severe in extension tests. The effect due to side drains may be greatly 

reduced by using a 'fish-net' shape radial side drain (see Plate 7.1 

; Lewin, 1984), while errors in strength due to the rubber 

membrane alone are usually within 5 kPa using the Bishop and Henkel 

(1962) type of corrections. These corrections were orginally made for 

results of unconsolidated undrained tests but for consolidated drained 

or undrained tests the sample membrane buckles during the 

consolidation stage, particularly under KQ conditions for soft clay, 

and the subsequent effects of a buckled membrane on the stress-strain 

and strength properties may not be as significant as those in 

unconsolidated shear tests.

Results presented in this thesis are for tests which were carried out 

mainly on KQ compressed soft samples surrounded with 'fish-net' type 

filter paper side drains and thin rubber membranes. The volume changes 

due to consolidation are mostly in excess of 10 % and the membranes 

were observed to buckle after consolidation stages. Thus corrections 

for the filter paper side drain and membrane stiffnesses have not been 

applied.
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Chapter 7 : Procedures for Triaxial Stress Path Testing

Details of the procedures for the triaxial stress path testing 

using the microcomputer controlled systems ( see chapter 6 ) have been 

described by Atkinson et al. ( 1983 ) and Clinton ( 1985 ). These 

testing procedures were slightly modified to suit this particular 

project on the properties of deep-ocean sediments and will be described 

in the following sections.

7.1 Sample Preparations

7.1.1 Preparation for the Tubed Triaxial Specimens

Details of the trimming procedures for the sub-sample cores have been 

described in Chapter 5. The trimmed samples were taken out from the 

refrigerator and placed on the sample cradle. Samples which were 

kept inside the thin wall tubes were pushed out by a piston directly 

onto the sample cradle. The samples were then cut to nominally 80 mm in 

length and the sample diameter was assumed to be the same as the 

internal diameter of the thin wall tube ( ie. 38 mm ). The weights of 

the triaxial specimens were then recorded. The salt-water contents of 

the trimmed ends were determined according to section 5.2.

7.1.2 Preparation for the Reconstituted Triaxial Specimens

The main objective of the technique for preparing reconstituted soil 
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specimens is to produce cylindrical 38 mm diameter samples efficiently 

( usually within 24 hours ) in which water content distribution is 

uniform and the sample should also be stiff enough to be handled 

routinely in the soil laboratory with minimum amount of disturbance.

Each reconstituted soil specimen was formed by re-using materials of a 

tested tubed" triaxial specimen. These materials, after oven-drying at 

105° C for at least 24 hours, were mixed thoroughly with de-aired 

distilled water to form a slurry of about 110 % water content and salt 

( NaCl ) was added to the slurry to maintain the salt content of the 

slurry at 3.5 % by dry weight ( see Appendix B for detailed 

calculation procedures ). The slurry was transferred to a dessicator 

and maintained under a partial vacuum of about one atmosphere for at 

least an hour before pouring into a 38 mm internal diameter Perspex 

tubular sample former ( see Fig. 7.1 ). The slurry was then left in the 

sample former unloaded for at least half an hour before it was 

compressed vertically via the top piston with a maximum dead weight of 

2 kg over a period of 24 hours with increments of 0.5, 0.5, and 1 kg. 

The final increment of 1 kg ( ie. at 2 kg ) was usually applied within 

five hours after the loading began and at this time the long Perspex 

sample tube was pulled upward slightly along the slurry and the 

vertical pistons and hung freely in the water bath to form a long 

floating ring type of oedometer ( see Fig. 7.1 ). The initial weight 

°f the slurry had been estimated in order to achieve a final length 

of about 80 mm specimen under the maximum vertical load of 2 kg. After 

24 hours the reconstituted specimen was then unloaded and extruded to 
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the sample cradle from the sample tube by pushing a piston from one 

end ( it was necessary to note the top and the bottom end of the 

specimen ). The weight of the specimen was recorded and the exact 

dimensions of the specimen were then measured to the nearest 0.1 mm 

using vernier calipers.

7.2 Setting Up in the Triaxial Apparatus

The setting up procedures were followed by choosing the appropriate 

options in the option menu list ( see section 6.6 ). This option menu 

list was displayed on screen once the "option-call" switch was pressed. 

Before preparing the triaxial apparatus the appropriate calibration 

constants for the measuring devices must be entered.

7.2.1 Preparing the Triaxial Apparatus

The triaxial apparatus was first prepared by entering nominal 

dimensions ( 38 mm diameter, 76 mm length ) and with all manual control 

on the air-pressure regulator valves ( control ‘code -1 for all 

functions, see section 6.6 ). The cell was then half-filled with 

de-aired water preferably covering the load cell by controlling the 

cell pressure regulator. The drainage system ( Fig. 6.7 ) was flushed 

by opening and closing the air-bleed valve in the drainage block and 

then opening and closing the drainage valve and at the same time 

the volume gauge was centred. All the transducer readings were set to 

zero. The cell was completely filled with water, to check that suffi-
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cient was available, before emptying it.The sides of the sample top and 

bottom platens were slightly greased with silicone grease to ensure a 

good seal for the membrane and the '0' rings. Before preparing the 

triaxial test specimen the following items were assembled ( see Plate

7.1 ) :

i ) a porous stone saturated with salt water ( r=0.035 )

ii ) two 38 mm diameter filter paper discs

iii) a 'fish-net' type filter paper radial side drain ( Lewin, 1984 )

iv ) a rubber tension cap and top sample platen

v ) a thin rubber membrane, '0' rings, a membrane stretcher.

7.2.2 Preparing the Triaxial Specimen

r
The triaxial specimen was prepared as described in section 7.1. the

saturated porous stone with a filter paper disc ( wetted with salt

the triaxial apparatus.

assembled on the porous

placed on the bottom platen ( pedestal ) of

The triaxial specimen was carefully

stone , a wet filter paper disc and then a

rigid sample top platen was placed on the top of the specimen. The

specimen was then enclosed by a wet 'fish-net' shaped filter paper

side drain before encasing with a rubber membrane and two '0' ring 

seals at each end. The tension cap platen was then fitted onto the 

sample top platen. For tests in the conventional aluminium triaxial 

cell body in which the inner salt-water chamber was used ( see 

section 6.3 ), the bottom chamber disc was first fitted on the 

bottom platen of the apparatus before assembling the specimen. 
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The cylindrical chamber was assembled over the triaxial specimen on 

the bottom chamber disc before sealing with '0' rings and the 

tension cap platen was fitted onto the sample top platen ( Fig.

7.2 ). The inner chamber was then filled by injecting salt-water 

(r=0.035 ) through the gap between the sample top platen and the 

flexible chamber membrane using a wash bottle ( see Plate 6.2 ).

7.2.3 Setting the Initial Isotropic Stresses

The triaxial cell body was fixed in place and then filled with de-aired 

water for the aluminium cell body and with de-aired salt water for the 

stainless steel cell body. The cell pressure was raised manually to 

about 50 kPa with the drainage valve closed ( ie. undrained ) 

by controlling the air-pressure regulator. The sample was then left 

for about half an hour to reach equilibrium under the constant 

cell pressure. The cell pressure was then raised at constant rate ( 

10 kPa/hour ) using the automatic control systems ( chapter 6 ) to 200 

kPa. The Skempton pore pressure coefficient, B ( Skempton, 1954) 

of the specimen was assessed by calculating the ratio between the 

increments of pore pressure response and the cell pressure ( B = 

^i/ ap) particularly near to the end of the loading stages ( ie. 180 to 

200 kPa ). If the B value was below 96 %, the flushing procedure 

was required (see section 7.2.5).
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7.2.4 Initial Isotropic Consolidation

The cell pressure was raised slowly undrained by controlling the air 

pressure valve manually until the observed pore pressure response 

was 210 kPa. At a convenient time the drainage valve was opened 

allowing the specimen to consolidate against a preset constant back 

pressure of 200 kPa and a constant cell pressure (ie. p'=10 kPa). The 

observed volumetric strains were recorded at root time intervals ( ie. 

1/4, 1/2, 1, 4, 9, 16 minutes etc ) until no further volume change was 

observed ( ie. complete consolidation ).

When consolidation was complete, the drainage valve was closed. The 

current dimensions of the specimen were calculated from the observed 

final ordinary volumetric strain, evo by assuming eao = eT0 = evo/3. 

Thus the approximate current height, h and diameter, d of the specimen 

is hQ( 1 ~evc/3 ) and dQ( 1 _evo/3 ) respectively, where hQ is the 

initial height and dQ is the initial diameter of the specimen.

7.2.5 Flushing of the Drainage System

The Bishop-type ram was first connected to the air-bleed valve in the 

drainage block ( see Fig. 6.7 ) and was then wound in slightly to 

increase pressure in the ram. The drainage valve was opened (the 

drainage system should be at equilibrium because the pore and the back 

pressure are the same, ie. 200 kPa) and then the air-bleed valve, so 

that the whole system was under the same back pressure of 200 kPa. The 

99



Bishop-type ram was then wound out slowly drawing water from the 

volume gauge ( not from the specimen ), flushing out any air bubbles 

in the system. The flushing continued until no air bubbles were 

observed in the drainage leads. The drainage valve and the air bleed 

valve were closed and the Bishop-type ram was then disconnected from 

the apparatus.

7.2.6 Joining the Specimen Top Platen to the Load Cell

The top suction release valve was first connected and opened to the 

Bishop-type ram, the axial ram pressure was then raised manually by 

controlling the air-pressure regulator until a slow continuous 

upward movememt of the axial ram was observed by the movement of the 

vertical dial gauge. This upward motion was stopped when the rim of the 

rubber tension cap was in contact with the load cell. At this time the 

Bishop-type ram was wound out very slowly until no further 

movement of the dial gauge ( ie. upward movement ) was observed 

indicating that the top cap and the load cell were in contact. The 

Bishop-type ram was then disconnected leaving the suction release 

valve opened. The current state of the specimen was checked and both 

axial ram and cell air pressure regulator adjusted to achieve the 

required isotropic stress state ( ie. 0a = (5r). Some excess 

pore pressure would build up during this operation but it was 

usually not significant ( within 3 kPa ). The dimensions of the 

specimen were assumed to be unchanged ( ie. to be the same as the 

dimensions after initial isotropic consolidation stage ).
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7.3 Stress Path Testing Procedures

After the top cap of the specimen and the load cell had been 

connected, the specimens were subjected to either isotropic or 

anisotropic canpression to the required effective stresses ( Fig. 7.3 ) 

before shearing to failure. Details of the loading history of each 

specimen are given in Table 7.1 . All the stress path tests were 

carried out using the microcomputer controlled systems as described in 

Chapter 6.

7.3.1 Isotropic and Compression Tests

These tests were carried out with the drainage valve open and with a 

constant back pressure of 200 kPa. For isotropic compression tests the 

total axial and radial stresses were raised at the same rates to the 

required stress state (see Fig. 7.4), while for anisotropic 

compression tests total axial and radial stresses were raised at 

different rates. The ratio of the stress increments, 0 / 6r governed 

the direction of the stress path followed. Examples of the directions 

of the stress paths which relate to the ratio of the principal stress 

increments are given in Fig. 7.4 .

One form of anisotropic compression was KQ compression which was 

carried out by first compressing the specimen from the isotropic stress 

state to the anisotropic stress state , assuming Ko = 0.5, ( A to B in

7.3 ) at a slightly higher effective stress. It was then
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followed by KQ compression ( B to C in Fig. 7.3 ) which was carried out

by raising the total axial stress in small increments ( range between

2 to 6 kPa per hour ) and at the same time controlling the total

radial stress so as to maintain zero radial strain within 0.01 %. The

same procedures in principle was followed for KQ swelling in which the

total axial stress was reduced in small increments ( C to D in

end of the loading ( compression ) or unloading

the specimen was allowed to reach equilibrium

state under the constant total stresses and back pressure. This stage

was judged to be complete when the volumetric strain had been observed

to be constant for at least three hours.

7.3.2 Undrained Shearing Tests

After being compressed to the required effective stress levels, the 

drainage valve was closed. The undrained tests to failure were carried 

out at constant total radial stress in two stages ( Atkinson and 

Evans, 1985 ) :

Stage i , stress control : increase ( compression ) or decrease 

( extension ) the total axial stress in small increments.

Stage ii , strain control : at a suitable time, stop stage (i) above 

and start a new stage by controlling axial strain as 

described in section 6.3 . The axial strain rate was 

chosen so that it would approximately equal the strain 

rate at the end of the previous stage. The specimen was 

then strained to at least 15 % € a .
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7.3.3 Drained Shearing Tests

Drained tests to failure were also carried out in two stages as 

described in section 7.3.2 but with the drainage valve open and with a 

constant back pressure of 200 kPa. Three types of drained stress paths 

were investigated ( see Fig. 7.4 )r

a) Conventional drained tests to failure

b) Constant p' tests to failure

c) Constant q' tests.

The conventional drained test to failure was carried out by 

increasing total axial stress and then axial strain ( compression ) or 

decreasing total axial stress and then axial strain ( extension ) with 

constant radial stress and back pressure ( path OB in Fig. 7.4 ).

The constant p' stress control test was carried' out by increasing 

the total axial stress and decreasing the total radial stress 

(compression) or by decreasing total axial stress and increasing total 

radial stress (extension) in a ratio of ^a/^r= -2 (Fig.7.4.) In some 

tests the stress paths were reversed after reaching point B (see Fig. 

7.5). This was done by unloading to the initial state (path BO) and 

then reloading along the same path passing through the point B 

before switching over from stress to strain control to failure 

(path BCD). The strain con trolled constant pz test was carried out 

by increasing axial strain ( compression ) or decreasing axial 

strain ( extension ) and at the same time controlling total radial
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stress to vary according to the change of total axial stress so as to 

maintain 0a/ 0r - -2 . This test stage required some modifications

to the main control program ( Clinton 1985 ) and these tests were 

only carried out in the 'BBC' control system ( see section 6.5 ).

7.3.4 Unloading the Apparatus

After the specimen had reached end state ( ie. at least 15 % Ea) 

the test stage was stopped and the drainage valve closed if it was 

a drained test. The suction release valve was connected to a Bishop-

type ram ( the same one used for flushing ) and the axial ram pressure 

opened to the pressure supply. The axial ram pressure was slowly 

decreased by operating the air-pressure regulator until the axial 

stress was about 5 kPa to 10 kPa below the radial stress ( this 

step was not required for tests in extension ). The Bishop-type ram 

was wound in until the specimen top platen separated from the load 

cell. The axial ram and cell pressure were then reduced to zero and all 

the cell water drained from the apparatus. The specimen was then 

removed and the water content was determined by oven-drying as described 

in section 5.2.

7.3.5 Rate of Loading

Tests should be carried out in a reasonable time and without causing 

errors due to incomplete drainage or incomplete equalisation of pore 

Pressures. The current conventional method for determining loading rate 
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is that described by Bishop and Henkel ( 1962 ). However, this leads 

to very slow rates of loading. Alternative methods for calculating an 

acceptable rate of loading have been suggested by Atkinson ( 1984b ) 

in which the loading rate is related to the magnitude of errors due 

to incomplete drainage, or equalisation based on the steady rate at 

which the rate of dissipation equals the rate of generation of pore 

pressure. Test error is simply related to the magnitude of excess pore 

pressure. The estimated mean excess pore pressure, u can be 

expressed as,

u = t-L ( p + « q )

or u = v . pi a£v / x

(7.1)

(7.2)

where depends on the drainage conditions

t^ is the time for consolidation in a root-time plot

zk is the slope of the undrained effective stress path

is the change of volumetric strain after loading is stopped 

( ie. when total stresses are held constant ).

The loading rates used during the compression and swelling stages were 

in the range of 2 to 6 kPa per hour, applied automatically in small 

increments of not less than 1.5 kPa. On completion of loading and 

unloading, observations of volume change were continued for at least 6 

hours before proceeding to the next stage of the test. These 

observations are recorded in Table 7.1 as a&v % and they provide an 
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indication of excess pore pressures set up by the chosen rate of 

loading : it was considered that the small values of aEv listed in 

Table 7.1 indicated that these excess pore pressures were small and 

tolerable. Thus on one hand, the chosen rates of loading enabled tests 

to be completed in a reasonable time without signific-ant errors 

compared to the accuracies of the measurements. On the other hand, the 

loading rates were also slow enough to avoid the build up of non- 

uniform pore pressures which could cause a non-uniform redistribution 

of water content across the radius of the triaxial specimen (Atkinson 

et al. 1985a). The loading rates during the shearing stages for both 

drained and undrained tests are also listed in Table 7.1. The loading 

was applied in small increments of not less than 1.5 kPa during the 

initial stress controlled stage and in small increments of not less 

than .02% Ea during the final strain controlled stage (see section 

7.3.2).
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Chapter 8 : Test Results

8.1 Classification Test Results

The Atterberg limits ( LL , PL ) of the sediments are plotted in a 

Plasticity chart ( see Fig. 8.1 ) and the grading curves are given in 

Figs 8.2 (a to d). Results of the index properties are summarised in 

Table 8.1. The micrographs of the sediments are shown in Plates 8.1 

(a to d ).

8.2 Triaxial Test Results

The triaxial test results are presented in terms of the critical state 

soil parameters ( Schofield and Wroth, 1968 ). The current state of a 

sample is given by the deviator stress, q' , the mean effective stress 

p" and the specific volume, v. For the condition of axial symmetry in 

compression and extension, q'= ( 0a “ r p'= ( + 2• Cr') / 3

where subscripts a and r refer to the axial and radial directions 

respectively (Wood, 1984). For saturated soils v = 1 + in G„ where in 

is the salt-water content as discussed in section 5.3. The 

corresponding strain parameters are the deviatoric shear strain e = 

2( e^- er)/3 and the volumetric strain ev = ea + 2 - e r where ea 

and er are the axial and the radial strains respectively which relate 

to the current dimensions of the sample ( ie. natural strain e = 

~ ln(l - eQ) and eQ is the ordinary strain which relates to the 

initial dimensions of the sample ; see Richardson, 1985 ). The 
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relationships between these stress and strain parameters are discussed 

in section 2.1.

Figs. 8.3 to 8.8 show the compression and/or swelling of the specimens 

to different effective stresses in v - In p' space. The current 

specific volume, v of the sample during loading was calculated from the 

final measured salt-water content ( see section 5.3.1 ) using the 

equation v = v^ (1- eVQ) where v and v^ are the current and the 

initial specific volumes respectively, and eVQ is the observed 

ordinary volumetric strain. The loading history of the tests are 

summarised in Tables 8.2 to 8.3 . Also given are the results of the 

initial isotropic consolidation and the states at the start of 

shearing. It should be noted that the values of vQ are back- 

calculated from the final salt-water content, whilst the values of 

vQ are interpreted from a selected normal compression line for a 

particular group of sediment (see a later section).

The basic shearing test results presented in terms of the total 

stresses and ordinary strains are given Figs. 8.9 to 8.14. The 

undrained effective stress paths during shearing are shown in Figs. 

8*15  to 8.20 and the corresponding deviatoric stress-strain curves 

are shewn in Figs. 8.21 to 8.26 .
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Chapter 9 : Analyses and Discussions

9.1 Soil Classifications

Results plotted in the plasticity chart (see Fig.8.1) indicate that 

the North Atlantic deep-ocean sediments are of high to extremely high 

plasticities which lie fairly close to the A-line. The particle 

size ranges from poorly graded clayey silts to silty clays (see Fig.

8.2 a to d). While the grading curves of the carbonate sediments (see 

Fig. 8.2 a, b & c) are within the same envelope with clay fraction 

ranges between 15% to 35% , the GME curves (see Fig. 8.2 b) lie 

towards the upper part of the envelope. Fig. 8.3 d indicates that 

the NAP (non-carbonate) sediments are in general finer than those 

carbonate sediments from in and around GME area.

The micrographs given in Plate 8.1 (a to d) show the particle shapes 

of the sediments. It can be seen that the IOS, GME and the GME C-6 

specimens contain particles which are similar to those containing 

predominantly hollow and disc form of Coccolithic (Nannofossils) 

reported by Chaney et al. (1982) and this may account for their high 

calcium carbonate content (see Table 8.1). The sediments from NAP 

which contain practically no calcium carbonate (see Table 8.1) are 

rather different from the GME sediments in terms of their plasticities 

(see Fig. 8.1), gradings (see Fig. 8.2) as well as their particle 

shapes (see plate 8.1).
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The activity, A (Skempton, 1953) which relates to the mineralogy and 

the pore water chemistry of these sediments are summarised in Table 

8.1. The high activity (A>1.5) of the carbonate sediments may reflect 

the high water holding capacity of the carbonate particles (Demars et 

al., 1976), while the lower activity (A<1.0) of the non-carbonate NAP 

sediments indicates the presence of illite rich clay particles 

(Skempton, 1953).

From the results of the index properties given in Table 8.1 and Figs.

8.1 and 8.2, these North Atlantic sediments can be classified as,

The IOS specimen : very high plasticity carbonate clayey silt.

The GME specimen : extremely high plasticity carbonate clayey silt. 

The GME C-6 specimen : extremely high plasticity carbonate clayey silt. 

The NAP specimen : high to very high plasticity silty clay.

The range of plasticity of the GME sediments shown in Fig. 8.1 is 

similar to that of the other North Atlantic carbonate clayey silts 

given in the literature (eg. see Fig. 4.11b). The plasticities of NAP 

sediments are found to be lower than those of the sediments from other 

locations in the NAP site (see Fig. 4.11 b) but similar to those of the 

North Pacific illite rich sediments (see Fig. 4.11a).
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9.2 Consolidation

The coefficients of consolidation, cv and volume compressibility, mv 

were determined from the initial isotropic consolidation stages using 

Bishop and Henkel (1962) method and the coefficient of permeability, k 

was calculated from k = Zw.cv.mv (Terzaghi, 1943). The results are 

summarised in Tables 8.2 and 8.3 for tubed and reconstituted specimens 

respectively. The results obtained in these earlier stages of isotropic 

consolidation tests may not be representative due to sample disturbance 

(this is discussed further in the next paragragh). The cv values of the 

tubed specimens (see Table 8.2) are in general higher than those of 

reconstituted specimens (see Table 8.3). Very little published cv data 

is available in the literature to allow for any comparison. However, 

the range of the calculated permeability for the GME and the IOS 

specimens is in general agreement with those of the other sediments 

obtained at the same site (see Fig. 3.5b) and also similar to the type 

of North Atlantic calcareous silty clay reported by Herrmann and 

Houston (1976) , see Table 4.4 . While the permeability of the NAP 

sediment is similar to that of a Pacific smectite sediment obtained 

from permeameter tests (Silva et al. 1984 , see Fig. 4.26). The results 

indicate that the IOS and the GME specimens are in general more 

permeable than the NAP specimens by about an order of magnitude. This 

may be due to the more porous and silty nature of the carbonate GME 

and iOS sediments as discussed in section 9.1. However, no significant 

difference in permeability is found between the tubed and the 

reconstituted specimens from GME material and from NAP material.
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9.3 Compression Behaviour

The states of KQ compression can be defined by eqns (2.19) (2.24) & 

(2.25), and the states of isotropic compression by eqns (2.26 & 

2.27), where N, A,\are soil constants and the subscripts o for these 

constants are for KQ states. Figs 8.3 to 8.8 show the states during 

compression and/or swelling in v - In p' space. The initial scatters 

during loading are results of disturbance during sampling and 

preparation as the test specimens were trimmed and then transferred to 

the triaxial cells for recompression. The vertical portions of the 

compression lines at the end of loading (ie. when total stresses are 

held constant) represent the dissipation of residual excess pore 

pressures (Atkinson, 1984). Since the loading rates and the observed 

changes of volumetric strain a£v at the end of loading are small (see 

Table 7.1), thus the possibility of sample non-uniformity due to 

radial drainage (Atkinson et al., 1985a) has been avoided and the slope 

of the normal compression line during loading may be regarded as the 

representative value (Atkinson, 1984b).

The test specimens were recompressed in the triaxial stress path cell 

to at least twice the estimated in-situ vertical effective stresses 

(except for specimen B of the GME C-6 sediments, see Table 8.2) and 

the applied vertical effective stresses in oedometers for tubed and 

reconstituted specimens respectively. Therefore the effects of sample 

disturbance on the subsequent strength and stress-strain behaviour may 

be considered to be negligible (Hight et al., 1985 ; Baligh et al., 

1987).
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The compression lines given in Figs. 8.3 to 8.8 have been interpreted 

so that variations within a particular type of sediment can be 

identified. This was done by examining the slopes of the normal 

compression lines and comparing them with the corresponding gradings 

(see Figs. 8.2 a to d) and plasticities (see Table 8.1 and Fig. 

8.1). As a result, two groups of IOS and NAP tubed specimens have been 

identified. The IOS group A contains specimens IOS-3 and 4 of similar 

index properties (see Table 8.1 and Fig. 8.3). This group of sediment 

has a higher A value than that of the group B sediment which contains 

IOS-1 ,2,5 and 6 . The NAP group A contains specimens in cores 

84PCM33/3 and 84PCM33/4 of similar index properties and are more 

compressible than the group B sediment in cores 84PCM19/1 and 

84PCM19/4. There are , however, some doubts about the accuracies of 

the final specific volumes, ven from which the states of compression 

and/or swelling are calculated (see section 8.2). This would explain 

why the normal compression lines lie parallel to but only close to 

each other for a particular type of sediment although similar rates of 

loading were used (see Table 7.1). An average normal compression line 

for a particular type of sediment is selected (see Figs. 9.1 to 9.4) 

and the specific volumes, vQ calculated from the end of the tests are 

then corrected to give vQ* at the same p'o (see Tables 9.2 to 9.7) 

and the corresponding compression parameters are summarised in Table 

9.1.

Since most specimens have been normally compressed (ie. normally 

consolidated soils), little is known of their swelling behaviour (ie.
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^) except for the lightly overconsolidated reconstituted specimens(GME 

specimens GR-11 & 12 ; NAP specimens NR-5 & 6). However, the swelling 

parameters for the tubed specimens can be estimated from the initial 

recompression stages and this is done on the GME C-6 specimens (see 

Fig. 9.3). The values are summarised in Table 9.1. The estimated 

pc' in Fig. 8.5 using the method suggested by Graham and Houlsby 

(1983) indicates that the GME C-6 tubed specimens are indeed 

overconsolidated in-situ. This was done by comparing the estimated, 

with 6VC' r where 0v£ = ^'d and 0vc' = 3 pzc/(l+2 KQ) are the

in-situ and the past maximum vertical effective stress respectively. 

The corresponding OCR values (= O'vc/ O'vp) aPPear to decrease with 

depth as shown in Table 8.2 for GME C-6 specimens. For those specimens 

which have been recompressed to at least twice their in-situ vertical 

effective stresses are assumed to be normally consolidated soils (ie. 

OCR=1). The decrease in OCR with depth has also been observed in other 

types of deep-ocean sediments tested in oedometers (see Fig. 4.21) and 

the reason for the apparent overconsolidation may be attributable to 

ageing and cementation (Bjerrum, 1972 ; Demars, 1975).

Results given in Figs. 8.4 b and 8.7 a indicate that the isotropic 

normal compression line is approximately parallel to the KQ normal 

compression line in v - In p' space for tubed and reconstituted 

specimens respectively. It can also be seen that the states for 

isotropic and Ko compression of the GME tubed specimens coincide, in v 

~ In p' space , whilst the isotropic compression states lie above the 

Ko compression states for the GME reconstituted specimens which appear 
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to agree with that predicted by critical state theory (see Fig. 2.5). 

Results given in Table 9.2 and Figs. 9.2 and 9.4 show that the \,o and 

values of the GME tubed specimens are higher than those of the GME 

reconstituted specimens.

A comparison of the KQ normal compression lines between different types 

of tubed and reconstituted specimens is shown in Fig. 9.5. The results 

show that the tubed specimens are generally more compressible and 

initially looser than the reconstituted specimens at the same mean 

effective stress. The carbonate tubed specimens (ie.IOS, GME and GME C- 

6) appear to be more compressible than the non-carbonate NAP tubed 

specimens and this effect is reversed after reconstitution. Each 

normal compression line has been extended beyond the range of 

experimental data (see Fig. 9.5) and it can be seen that the 

compression lines do not consistently pass through a single point as 

suggested by Schofield and Wroth (1968). However, results given in 

Fig. 9.6 indicate that for both tubed and reconstituted specimens NQ 

increase linearly with increasing Ao •

Fig. 9.7 shows the average KQ values interpretated from given in 

Table 9.1 using eqn (2.19) for each type of sediments and the results 

are plotted against the corresponding angle of shearing resistance at 

critical state in compression, (see Table 9.8). It can be seen

that the results do not seem to be consistent with that proposed by 

Jaky (1944) but Jaky's relationship appears to be a lower bound of 

the experimental data. It should be noted that the KQ values for the 
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GME carbonate sediments (including C-6 carbonate specimens) are of 

similar magnitude with the values for the tubed carbonate specimens 

only being slightly lower than those for the reconstituted specimens, 

although the AQ values have been greatly reduced after reconstitution 

(see Table 9.1). However, the low KQ values of the GME sediments are 

consistent with those of the other Atlantic calcareous sediments 

reported by Herrmann and Houston (1976), while the high KQ values of 

the NAP sediments are similar to those of the Pacific pelagic clay 

(see Table 4.4).

An investigation has been carried out in order to assess the effect of 

the carbonate content on the behaviour of the reconstituted GME 

sediments. This was done by comparing the test results (see Figs 8.7e 

and 9.2) of the reconstituted carbonate specimens (GR-1 to 12) with 

those of the reconstituted non-carbonate specimens (GR-13 & 14). It 

is seen that after the carbonate materials have been removed by diluted 

hydrochloric acid the sediments become slightly more compressible 

than the original reconstituted carbonate specimens. However, no 

significant difference in KQ value is found between the carbonate and 

non-carbonate reconstituted GME sediments (see Figs. 9.2a and 9.7).

Fig. 9.8 (a, b & c) shows the correlation between the interpreted AQ 

values and index properties, and the results are compared with both the 

empirical and theoretical relationships as given in Table 4.3. Although 

fairly large scatters of data are obtained , the predictions based on 

Plasticity index and liquid limit appear to represent lower bounds of 
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the experimental data for the tubed specimens. No correlation is found 

for the reconstituted specimens and neither the results of the tubed 

nor of the reconstituted specimens correlate with carbonate content as 

proposed by Poulos (1980)

9.4 Strength Characteristics

9.4.1 Limiting States

The limiting states for soils have been discussed in section 2.2.2. 

For normally consolidated and lightly over-consolidated soils, 

limiting states are governed by ultimate or critical states. The 

critical state is said to have been reached when a specimen is 

strained continuously at constant states (ie. 6q', Sp' and Sv = 

0). It is important to identify critical state of a specimen by 

examining both the effective stress ratio, ,and volumetric 

straining, , as well as deviatoric stress, q' , because in some 

cases, a specimen may reach peak shear stress or may be strained at 

constant shear stress before reaching the critical state. The 

critical state parameters can be expressed as follows : 

in compression A = P

v = rc - Ac ln P

(9.1)

(9.2)
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in extension q'= Me P- (9.3)

v = re - \ In p (9"4)

where M, A and T are soil constants and subscripts c and e refer to 

canpression and extension respectively.

Results presented in this thesis (see Figs. 8.9 to 8.14) have been 

examined carefully in order to identify the critical states (see 

Tables 9.2 to 9.7 and Figs. 9.9 to 9.14) in view of the problems 

associated with indentification of the critical states. Fig. 8.21 

shows the stress-strain curves for the IOS specimens in which 

specimens IOS-4 & 5 failed during stress control loading stages and 

the recorded maximum deviatoric stresses may represent or ba close to the 

peak deviatoric stress, whilst the recorded end states (see Table 9.2) 

for these two specimens may not be as representative of the critical 

states as those specimens tested under slow strain control loading, 

although fairly high shear strains had been reached. Therefore the 

critical state values of these two specimens, as well as those 

specimens which have not reached the constant effective stress ratios 

at large shear strains (eg. NAP specimens , NT-11 & 13 in Figs. 8.24b 

and 9.33 c) have been omitted in Tables 9.2 to 9.7. Furthermore, 

there are problems that the recorded end state may not represent the 

actual critical state values even when the specimen has been strained 

at constant effective stress ratio. This is partly due to the 

inaccurate measurement of sample dimensions at large strain,, non-
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uniform straining, as well as the effects of membrane stiffness. 

This effect is particularly severe in extension tests when 

"necking" occurs as shear strain in extension increases. In 

addition,this may give rise to non-uniform pore pressures within the 

sample : higher pore pressure may be generated at the centres of 

normally consolidated samples due to the localised shear stresses at 

the sample ends with consequent migration of water away from the 

centres of the samples (Atkinson, 1987). As a result, the specimen 

becomes stiffer in the central portion and the critical state 

calculated from the measured boundary stresses may not correspond to 

the specific volume calculated from the overall water content of the 

specimen at the end of the test. The method which has been adopted 

in this thesis to estimate the values of critical state stresses 

(qzcs r pzcs) 3S ky examining the undrained effective stress paths for 

undrained tests (see Figs. 8.15 to 8.20) and the normalised paths in 

q'/p'e - p'/p'e space for drained tests (see Figs. 9.23 to 9.28). 

These stress paths may exhibit sudden changes in direction before 

straining at constant effective stress ratio (ie. at critical state) 

due to the equalisation of non-uniform pore pressures . This sudden 

change in stress path direction near the critical state has also been 

observed by Coop and Cherrill (1987) in investigations of the behaviour 

of a calcareous silty sand. The estimated critical state stresses 

(q"cs, Pcs^ 32:6 taken as the point of intersection between the line 

extended from the stress path before changing its direction and the 

line of constant effective stress ratio at critical state and the 

results are indicated by arrows in Figs. 8.15 , 8.16, 8.19 & 8.20 for 
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undrained tests and Figs. 9.23 & 9.24 for drained tests. However, for 

those specimens whose paths do not show such sudden change of stress 

path direction , the end stress states (qen', Pen are taken as the 

critical state stresses (ie. qcgz, pcs The critical state values 

for different types of sediments are summarised in Tables 9.2 to 9.7 

and plotted in Figs. 9.9 to 9.14.

From the limited number of tests carried out on the IOS sediments, it 

is not possible to define clearly the critical state line in terms of 

their specific volumes (see Fig. 9.9). Nevertheless the parameters 

Mc and Me are tentatively obtained and summarised in Table 9.8. Figs. 

9.10 to 9.14 show that well defined critical state lines for other 

types of sediments can be inferred. Also given are the corresponding 

normal compression lines (NCL) which are found to be parallel to the 

critical state lines (CSL) in v - In pz space in both compression and 

extension (ie. AQ= Ac= A^). The critical state parameters as defined 

by eqns (9.1) to (9.4) for each type of sediment are summarised in 

Table 9.8. Figs 9.15 to 9.19 show the unique critical state points 

obtained by using the normalising parameters p'e and vAas described in 

section 2.2.3.

Figs. 9.10 and 9.15 show that the critical states for KQ and 

isotropically compressed GME specimens coincide in qz - pz space and 

are approximately parallel in v - In pz space. However, the isotropic 

critical state is somewhat denser than the KQ critical state line at 

the same mean effective stress. This is similar to the results of 
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the other type of deep-ocean sediments reported by Sicilliano 

(1984), see Fig. 4.36. Table 9.8 shows that the MQ values of the 

carbonate specimens (ie. IOS, GME, GME C-6) are in general higher than 

those of the non-carbonate NAP specimens. It can also be seen that in 

each case the critical state line is not symmetrical about the 

isotropic p'-axis and the Mc value is consistently higher than the Me 

value for the same type of sediments. This is , however, in contrast 

with that of KQ kaolin clay reported by Atkinson et al.,(1986). Results 

also show that the critical state line in compression do not coincide 

with that in extension in v - In p' space (see Figs. 9.12 to 9.14) 

except for the GME tubed specimens (see Fig. 9.10).

The critical states of the two groups of NAP tubed specimens (see 

section 9.3) are given in Figs. 9.12 and 9.17. Similar values of M are 

found for the two groups of specimens in compression and in extension 

regardless of the marked differences in their densities (see Fig. 9.5) 

and plasticities (see Fig. 8.1). Fig. 9.13 shows that the two non-

carbonate GME reconstituted specimens of higher compressibilities (GR- 

13 & 14) lie close to the other carbonate GME reconstituted specimens 

in q' - pz space which indicates that carbonate content has little 

effect on the strength properties of the reconstituted GME specimens.

9.4.2 Undrained Shear Strength

The undrained shear strengtht cu is taken as half the deviatoric
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stress at critical state for undrained tests( ie. qu'/2 ). However r

the peak undrained shear (ie. qp'/2 ) which typically occurs

far from critical state at a shear strain of about 0.5 to 1 % for KQ 

normally consolidated soils (Koustofas, 1981 ; Atkinson et al., 1986 ) 

has also been identified (see Tables 9.2 to 9.7). It should be noted 

that only the results for GME C-6 tubed specimens show significant peak 

deviatoric stresses before reaching the critical states ( see Fig. 8.23 

and Table 9.5 ) and this is associated with the particular shapes of 

their undrained effective stress paths (see Fig. 8.17). Neither the 

results of the other tubed specimens ( GME and NAP ) nor of the 

reconstituted specimens presented in this thesis show this marked 

post peak drop in deviatoric stress behaviour.

The undrained shear strength is often expressed as a function of 

vertical effective overburden pressure, 0VO' . The cu/ <5VO' ratio is a 

constant for a particular normally consolidated soil and can be 

predicted using the critical state parameters defined in section 

2.2. By using eqns ( 2.28 and 2.31 ) with q' = qcs'= q'u ; p' = Pcs'= 

p'u for the condition at critical state, eqn ( 2.24 ) with p'= pQ' 

for Kq normally consolidated condition and vQ = vQS = vu for undrained 

test condition, we have

Using eqns (2.18) and (2.19), eliminating KQ with 0v' = 0VO' ; qcs' =
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2 cu and the undrained shear strength ratio is given by

where M , Ao and f are

For compression (^)c = 

VO

3MC exp*

(9.6)
2(3 «-2£)

For extension

3Me -(N.-re)/k
exp (9.7)

0 eWVO 2(3*2<Q

soil constants and subscripts c and e

refer to compression and extension respectively.

The cu values plotted against <5VO' KQ normally consolidated GME 

and NAP specimens are given in Figs. 9.20a. and 9.20b respectively. The 

experimental data show good agreement with those predicted by eqns 

(9.6 & 9.7) using the appropriate soil parameters given in Tables 9.1 

and 9.8. It can be seen that the predicted cu/ 0VQx ratios in 

compression are higher than those in extension for both tubed and 

reconstituted specimens (see Table 9.9) and the results illustrate the 

undrained strength anisotropy of KQ soils. The higher compressive 

shear strength is mainly due to the higher M values in compression than 

in extension. Similar values of cu/^'VQ are found between the tubed and 

the reconstituted specimens although marked differences are found in 

their Ao and M values (see Table 9.8). It should also be noted 

that the cu/ 0VO" ratios of the GME specimens are higher than , but of 

similar values, to the peak deviatoric stress ratios (qp'/2 0VQ') of 

the GME C-6 tubed specimens. It can also be seen that little 

difference in cu/0w is found between the GME carbonate and non-
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carbonate reconstituted specimens. The experimental cu/ © vo" ratios 

in compression given in Fig. 9.21 agree well with those of a number 

other deep-ocean sediments (see Fig. 4.34) and also show reasonably 

good agreement with the plasticity index as compared with the 

empirical correlation given by Skempton (1957).

The cu/ow value can be related to the cu/d by assuming that O'vo 

= y'd r where X' is the effective unit weight and d is the depth below 

seafloor. From the results given in Table 9.9, the cu/d in compression 

for the GME and GME C-6 specimens are found to be 1.71 and 1.12 

respectively, which are similar to those obtained from the same area 

tested using motor-vane (RGD, 1982 ; see Fig. 3.6), triaxial tests 

(Freeman, 1988) and model free-fall penetrator tests (Freeman, 1984 ; 

see Fig. 3.5c). However, the cu/d of 1.35 in compression calculated 

for the NAP sediments (average of group A and B) from Table 9.9 is 

lower than those obtained from triaxial tests (Freeman, 1988) but 

generally higher than those obtained from motor-vane tests (RGD, 1984 ; 

see Fig. 3.8).

9.4.3 Angle of Shearing Resistance

The Mohr-Coulomb angles of shearing resistance at critical states 

, 0'cs , calculated from eqn(2.29) and eqn(2.30) for compression and 

extension respectively are summarised in Table 9.8 . The higher 

values of 0 in compression measured for the IOS, GME and GME C—6 

carbonate specimens compared with those of the NAP non-carbonate 

specimens can probably be attributed to the irregular shape and the 
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more silty nature of the carbonate sediments (see Plate 8.1 and Fig. 

8.2). High angles of shearing resistance in compression measured for 

carbonate sediments (in excess of 35°) have also been reported by 

Demars (1975), Poulos (1980) and Nambiar et al. (1985). Results also 

show that 0values in compression of the reconstituted GME 

specimens are lower than those of the tubed GME specimens, while the 

value of 0^„z extension has increased slightly after 

reconstitution. The reason for the drop in 0CS' in compression may be 

attributable to the removal of cementing and the possibility of 

breaking down of the carbonate particles during preparation of 

reconstituted specimens is also likely (Nambiar et al. 1985). These 

effects may have modified the original macrofabric and grading of the 

sediments. This is supported by the results of the reconstituted 

non-carbonate GME specimens (GR-13 & 14 : carbonate removed by dilute 

hydrochloric acid before reconstitution) which are found to be similar 

to those of the carbonate reconstituted specimens (see Figs. 9.7 and 

9.13). However, the reason for the increase of 0after 

reconstitution for both NAP and GME specimens is not clear. It is also 

interesting to note that no significant difference in the values of 

$c' and 0e" is found between the tubed and the reconstituted NAP 

specimens which contain virtually no calcium carbonate.

From the results given in Table 9.8 , it appears that 0Q' is not 

equal to 0e' for the types of tubed and reconstituted specimens 

tested. In general, it is found that 0 'c > 0'e and 0 'c < 0'e for 

carbonate GME and non-carbonate NAP specimens respectively.
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Fig. 9.22 shows the correlation between 0 'c and plasticity index, and 

compared with those of the other North Atlantic sediments reported by 

Demars et al. (1976). It can be seen that 0 'c values of the carbonate 

GME and IOS sediments (CaCO3>40%) are in general higher than Demars et 

al (1976) data at the same plasticity index. While the ft'c value of 

the non-carbonate NAP sediment lie toward the upper part of Demars et 

al, (1976) data. The 0 ' values do not appear to correlate with 

plasticity index as proposed either by Kenny (1959) or Demars et al 

(1976).

9.5 The State Boundary Surface

The existence of a state boundary surface for soil has been 

discussed in some detail in section 2.2.3. Since most test specimens 

were predominantly normally consolidated (see OCR values in Tables 8.2 

and 8.3) and then sheared under different loading paths in either 

drained or undrained conditions toward their critical states, the 

soil states are therefore likely to traverse the state boundary surface 

on the wet side of the critical state (ie. the Roscoe surface, 

Atkinson and Bransby, 1978). The resulting state paths can then be 

normalised to account for different effective stresses and specific 

volumes to examine both the existence and the geometry of the 

state boundary surface for a particular soil type. The appropriate 

normalising parameters required to account for different initial 

states and stress paths are the equivalent pressure pe' and the 

equivalent specific volume, vA(see section 2.2.3). It should be 
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noted that the resulting geometries normalising by pe' and vA are 

the constant volume (Atkinson and Bransby. 1978) and the reference p" 

(Atkinson, 1984c) sections of the state boundary surface 

respectively.

The undrained effective stress paths of each type of sediment are shown 

in Figs. 8.15 to 8.20. It can be seen that the shapes of the undrained 

effective stress paths are typical of the behaviour of KQ normally 

consolidated soils, for example kaolin clay (Atkinson et al. 1986 , 

see Fig. 2.19), a marine soft clay (Koustofas, 1981, see Fig.2.18) and 

a deep-ocean sediment (Sicilliano, 1984, see Fig. 4.35).

The normalised state paths (including those of conventional drained 

and constant pz tests) are given in Figs. 9.23 to 9.28. However, 

since the compression parameters of the IOS specimens have not been 

well established, the reference p' section of the state boundary 

surface has been omitted in Fig. 9.23. It can be seen that the 

normalised state paths lie fairly close within narrow bands for 

normally consolidated specimens (OCR =1, see Figs. 9.23 to 9.28). 

These normalised paths serve as a boundary for lightly over 

consolidated reconstituted specimens (see Figs. 9.27a and 9.28a). It 

is also clear from Fig. 9.25 (a to h) that by carefully identifying 

the initial states of the GME C-6 tubed specimens after KQ 

decompression (ie. normally or overconsolidated ,see Table 8.2), the 

existence of a state boundary surface for these nominally undisturbed 

(obtained by a larger diameter "Stacor" piston sampler) specimens
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becomes apparent. However, in the case in Fig. 9.25(g & h) the

state paths of the lightly overconsolidated specimen C-6 1B/B cross 

the state boundary surface (ie. the normalised state paths for truly 

normally consolidated specimen^). This may be attributable to the 

inaccurate estimation of the p' value of this specimen (ie. p' value 

being underestimated).

Results given in Fig. 9.24 a for KQ and Fig.9.24c for isotropically 

compressed GME specimens clearly indicate that the geometry of the 

state boundary surface depends on the past loading history (ie. KQ or 

isotropically compressed ; Gens 1979 ; Sicilliano, 1984). The geometry 

of the KQ state boundary surface is found to be of similar trend to 

those reported by Parry and Nadarajah (1973) and Atkinson et 

al.,(1986) in that the surface is not symmetrical about the isotropic 

px axis. The differences in geometry of the state boundary surface are 

found between the tubed and the reconstituted specimens (eg. see Figs. 

9.24 a and 9.27a for GME specimens ) may be due to the differences in 

both the compression parameters (see Table 9.1) and the parameters 

at critical state (see Table 9.8).

An attempt has been made to compare the normalised experimental data 

with the predicted KQ state boundary surface of the proposed soil 

model (City-Clay, see eqns. 2.94 & 2.101) using the determined soil 

parameters given in Tables 9.1 and 9.8. The predicted KQ state 

boundary surfaces are found to be in good agreement with the 

experimental data for both tubed specimens ( see Figs. 9.24a , 9.25 a 
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to d and 9.26 a, b & d ) and reconstituted specimens (see Figs. 9.27 a 

& b and 9.28 a to c) except for the conventional drained extension test 

data (see Figs. 9.26c , 9.27b and 9.28b). This may be due to the 

fact that the loading path for the conventional drained extension test 

( Zq'/Sp' = 3) is likely to move inside the state boundary surface 

rather than traversing it. Consequently, the normalised experimental 

data derived from the conventional drained extension tests may not 

represent the state boundary surface.

Fig. 9.29 shows the predicted geometry of the state boundary surface 

for different types of sediments in q7p'e - p7p'e space using 

Modified Cam-Clay (eqn A9 in Appendix A) and these are compared with 

those predicted using City-Clay (eqn. 2.94). It can be seen that the 

Modified Cam-Clay and City-Clay state boundary surfaces are very 

different and, with reference to Figs. 9.23 to 9.28, it is apparent 

that conventional Modified Cam-Clay is not adequate for the present 

data.

9.6 Stress-Strain Behaviour

9.6.1 Stress-Strain Curves

The deviatoric stress-strain data (q' - Ss) given in Figs. 8.21 to 

8.26 are normalised by plotting q'/p' against v E g in Figs. 9.30 to 

9.35 (Atkinson 1984c). It can be seen that the normalised data lie 

closely within narrow band for a particular type of test path with the 
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maximum effective stress ratios, coinciding with the values at 

critical state. However, some scatter of data is obtained 

particularly for the tubed specimens, probably a result of sample 

disturbance. Figs. 9.34b and 9.35b show a somewhat stiffer and more 

brittle stress-strain response of the lightly overconsolidated 

reconstituted specimens (0CR=2) compared to those of normally 

consolidated specimens (OCR=1). This is due to the fact that the 

behaviour for lightly over consolidated specimens is elastic , whilst 

the behaviour for truly normally consolidated specimens is elasto- 

plastic (see section 2.4)

Little difference in the normalised undrained stress-strain behaviour 

is found between the group A (Fig. 9.33a) and group B (Fig. 9.33 b) of 

the NAP tubed specimens despite of the differences in their 

plasticities (see Fig.8.1) and the critical state parameters (see 

Table 9.8). It should be noted that in Figs. 9.33 c and d for NAP 

tubed specimens and Figs. 9.34c and 9.35 (c & d) for reconstituted 

specimens the undrained compression tests show somewhat stiffer 

behaviour than those of the conventional drained and constant p' tests. 

This stress path dependent stress-strain behaviour appears to agree 

well with that predicted by the incremental soil model as described in 

section 2.4.1. However, the behaviour in extension is difficult to 

assess at this stage and will be dealt with in the next section.

i
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9.6.2 Stiffness Parameters

The deviatoric stress-strain data were analysed in terms of tangent 

stiffness following the method described by Atkinson et al.(1986). In 

this method, a straight line is fitted to a group of data points 

(usually taken to be a group of four consecutive data points thoughout 

the analysis) using the least square method (Woods, 1985a) and the 

corresponding stiffness is calculated and assigned to these data 

points. The same analysis is continued to the next group of data 

points in which the first three points overlapped with the previous 

analysis. The procedure is then repeated until the end point is 

reached. Average values of stiffness are to be taken for those 

overlapped points (ie. those have been analysed more than once).

Since the analysed test data are mainly of those obtained during 

stress control test stages, the applied stress rate,0 and the recorded 

strain rate, 8 are both very small. Therefore in the limit of ^q'-^O 

and^E^o , the average stiffness ( Aq'/Ags) calculated in this way 

can be approximately taken to be the tangent stiffness (dq'/dE^). The o 

tangent shear stiffnesses were normalised by the current states of the 

specimens as discussed in section 2.4.1 and the results are plotted 

against In (v.Es) in Figs. 9.36 to 9.41 in order to expose the small 

strain response. It can be seen that the normalised experimental 

data of a particular type of sediments lie within narrow bands for a 

particular type of loading path and in all cases the normalised shear 

stiffnesses in extension are higher than those in compression at strain
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(v.Eg) up to about 2% except for the lightly overconsolidated specimens 

(see Figs. 9.40b and 9.41b). It is also seen that the normalised 

stress-strain stiffnesses are non-linear (ie. stiffness decreases with 

strain level), particularly in extension.

Figs. 9.40b and 9.41b show the normalised stiffness with strain level 

for the lightly overconsolidated (OCR=2) GME and NAP reconstituted 

specimens respectively. The higher compression stiffness response at 

small strain may be associated with the 'threshold effect' (Richardson, 

1985) in which soil stiffness depends on the amount of deviation 

between the previous and the current loading paths. The higher the 

deviation from the original loading path, the higher the stiffness can 

be obtained. Results given in Figs 8.19b and 8.20b for GME and NAP 

reconstituted specimens respectively clearly show a more severe 

change of loading path in compression compared to that in extension 

after swelling. It can also be seen that the elastic soil behaviour 

of the Ko lightly overconsolidated specimens is likely to be 

anisotropic. This means that the value of which relates to the slope 

of the undrained effective stress path (see eqns. 2.81 and 2.88) are 

likely to be less than unity (ie. vertically stiffer, E'v > E'^, see 

section 2.5.2.1). Comparisons of the normalised undrained stiffnesses 

are also made between normally and lightly overconsolidated 

reconstituted specimens (see Figs. 9.40b and 9.41b). It can be seen 

that the normalised compression stif fnesses of the lightly 

overconsolidated specimens are three to four times higher than those of 

the normally consolidated specimens at strain level (vEg) up to about 
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1%, whilst little difference is found in the normalised extension 

stiffnesses. In the case of the GME C-6 specimens (see Figs. 9.38) the 

stiffer stress-strain response of the specimens B at small strain 

confirm that these specimens are indeed overconsolidated (see Table 

8.2).

Fig. 9.37 b shows that the normalised undrained shear stiffness for 

isotropic normally consolidated specimens is approximately twice that 

for KQ normally consolidated specimens. This illustrates the effect of 

stress history on the subsequent stress-strain behaviour of soils. Fig. 

9.40d shows that little difference is found in the undrained shear 

stiffness as of the carbonate and the non-carbonate reconstituted GME 

specimens.

Figs. 9.39(a, b & c), 9.40(a & c) and 9.41 (a & c) show the comparisons 

of the normalised shear stiffnesses from undrained tests with those of 

conventional drained and constant p' tests for NAP tubed, GME 

reconstituted and NAP reconstituted normally consolidated specimens 

respectively. In all cases, the undrained stiffnesses are found to be 

the highest at small strain. However, these differences are less 

significant in extension tests. This is probably due to the fact that 

differences in the applied test path directions in extension are not as 

severe as those in compression tests and consequently differences in 

the extension stiffnesses are small. Nevertheless, the observed stress 

path dependent stiffness response agrees qualitatively with that 

predicted by the incremental soil model as discussed in section 2.4.1.
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A comparison is made of the normalised undrained stiffness response 

between the KQ normally consolidated tubed specimens from the four 

source areas (see Fig. 9.42). It shows a little difference in the 

compression behaviour whilst somewhat larger scatter is found in 

extension but the results become fairly indistinguishable as strains 

(v.Es) reach about 0.5% for compression and -0.2% for extension.

Figs. 9.43 and 9.44 show the differences in the normalised undrained 

shear stiffnesses between the tubed and the reconstituted specimens of 

GME and NAP sediments respectively. Results show that the stiffnesses 

for the reconstituted specimens are higher than those for tubed 

specimens except for the NAP specimens in compression where there is 

little difference. The difference in the stiffness response is 

particularly severe for the GME specimens which contain about 50% of 

calcium carbonate (see Table 8.1). The reason for this may be 

attributable to the differences in the critical state parameters 

between the GME tubed and reconstituted specimens (see Table 9.8).

Table 9.10 summarises the undrained stiffnesses of both tubed and 

reconstituted specimens in Figs. 9.42 to 9.44 at strain levels, v.8„ of o

0.05% and 0.5%. It should be noted that soil stiffness is not only 

stress path and history dependent, it also depends on the current 

states of the specimens (vpx). In calculating the current states, a 

depth (d = 20m) below seabed is assumed (ie. O'v= X' d) where /'is 

the effective unit weight of the specimens ( X = 5 kN/m^). With these 

values the mean effective stresses, p' and the specific volumes, v can
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be calculated using eqns (2.18) and (2.24), and the corresponding 

compression parameters given in Table 9.1 . The tangent stiffnesses 

are then evaluated. It should be noted that in a conventional

undrained test path in which £(5r = 0 with varying , the

stiffness, dq'/d£s = 3GU = Eu, where Gu and Eu are the equivalent 

undrained shear and Young's moduli respectively. However, in this case 

the values presented in Table 9.10 do not represent the elastic 

parameters. It is only a con.ven.ie«.t way to present a more familiar set 

of stiffness data at this stage. The Ejj /c ^ values are also interpreted 

in Table 9.10 in which the cu values are calculated using data given in 

Table 9.9 at the same depth (ie. 20m). The results show that the Eu/cu 

values in compression are as much as five to six times less than those 

in extension. This is mainly due to the lower cu and the higher EQ 

values in extension at the same vertical effective stress. It is also 

found that these values given in compression at small strain ( 8S = 

0.02%) are of similar magnitudes compared to those of the terrestrial 

soft clays given by Duncan and Duchigiani (1976) but higher than those 

of the deep-ocean sediments reported by Silva et al. (1983), see Fig. 

4.28.

9.6.3 Compliance Parameters

Special triaxial stress path tests were carried out in order to 

evaluate the compliance parameters [ A , B , C , D ] directly following 

the method as described in section 2.4.2 . This method requires 

separate constant p' and q' tests with loading/unloading/reloading 
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cycles (see Fig. 7.5) on identical specimens. However, due to the lack 

of the GME tubed specimens and the length of time involved these tests 

were performed only on the NAP specimens. The compliance data are 

derived from the basic test data using the method as described in 

section 9.4.2 and the results are normalised by the current state of 

the test specimens in accordance with eqns.(2.71 & 2.74).

Figs. 9.45 and 9.47 show the variation of two sets of normalised 

compliance parameters with the current effective stress ratio, for 

the tubed NAP specimens normally consolidated at different effective 

stresses (see Table 8.2). The similarities of these two sets of data 

indicate the uniqueness of these compliance parameters in both 

compression ( > £'o) and extension ( < >TO). However, it has not

been possible to examine the compliance parameters B and D in 

compression from these tests. The scatters of the results during the 

earlier part of the unloading and reloading cycles (states within 

state boundary surface : the compliance parameters are elastic) may be 

due to hysteresis and/or threshold effect and possibly creep. 

Nevertheless, the results do illustrate that the sediment behaviour 

becomes elasto-plastic once yielding occurs and this is also found to 

be consistent to that of the reconstituted specimens (see Fig. 9.47). 

It can also be seen from these figures that the compliance parameters 

vary asymmetrically either about 'Q or the isotropic pz axis (ie.

= 0). The pattern of the variations of the compliance parameters with 

" are somewhat different from those predicted by either Cam-Clay or 

Modified Cam-Clay models (see Fig. 2.13) in which the compliances are 

136



symmetrical about vj' = 0 with B = C but consistent to those predicted 

by City-Clay model (see Fig. 2.26).

Attempts have been made to compare the normalised compliance parameters 

between the experimental derived data and the theoretical predictions 

based on City-Clay (see Appendix C) for both tubed and reconstituted 

NAP specimens. However, although the elastic behaviour of the specimens 

is likely to be anisotropic (see section 9.4.2), for simplicity of the 

comparisons in which the variations of the total compliances (ie. the 

sum of the elastic and the plastic components of the compliance 

parameters ; see eqn 2.36) are being considered, the elastic behaviour 

of City-Clay is taken to be isotropic (ie. <*  = 1 , Be = Ce = 0) with a 

Poisson's ratio of 0.3. Whilst the plastic components of the compliance 

parameters are calculated using values provided in Tables 9.1 and 9.8. 

The results are shown in Figs. 9.48 and 9.49 for tubed and 

reconstituted specimens respectively and it can be seen that reasonable 

agreement is found between the experimental and theoretical compliances 

A and C. However, the predictions compared with the compliances B and 

D are not quite as convincing.

Much further detailed research, both experimental and theoretical is 

required to evaluate these compliance parameters and to examine the 

consequence of the development of the constitutive models for 

anisotropic soils. However, the results based on the constitutive 

equations derived for City-Clay are encouraging.
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Chapter 10 : Conclusions

Extensive triaxial stress path tests have been carried out on both 

tubed and reconstituted specimens of the North Atlantic deep-ocean 

sediments. These specimens were predominantly one dimensional (KQ) 

normally consolidated to different effective stresses and sheared in 

compression and extension, drained and undrained following different 

loading paths using microcomputer controlled hydraulic stress path 

cells (Atkinson et al. 1985 ; Atkinson and Clinton, 1986).

Test results are analysed and presented within the framework of 

critical state soil mechanics in order to examine sediment 

characteristics such as the state boundary surface, critical states and 

elasto-plastic stress-strain parameters. The test data were obtained 

from specimens consolidated by slow drained compression rather than by 

conventional undrained loading followed by consolidation and sheared in 

compression and extension. Therefore the test specimens were not 

subject to radial non-uniformities (Atkinson et al. 1985) and the rates 

of loading in both stress and strain control were not excessive as 

compared to those in conventional method using a single stage of strain 

control loading (Atkinson and Evans, 1985). In addition special 

measures have been taken to avoid test errors such as application of 

corrections due to the system compressibility, use of "fish net" shaped 

radial side drains etc. Thus the test data presented in this thesis can 

be considered to be more reliable than many earlier published data and 

also form a basis from which to develop an appropriate constitutive 
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model for deep-ocean sediments.

10.1 The Carbonate Sediments

The sediments taken from in and around the GME site were of very high 

to extremely high plasticity clayey silts with clay fraction ranges 

from 15% to 35% , and with carbonate content in excess of 45%. The 

particle shapes were typical of hollow and disc form of Coccolithic 

(Nannofossils) origins (Chaney et al. 1982).

The compression parameters for each type of sediment were determined 

and were given in Table 9.1. Among those tubed sediments, the GME C-6 

specimens which were recovered using a large diameter gravity corer 

were of the highest compressibility. The tubed specimens were found to 

be more compressible than the reconstituted specimens at the same mean 

effective stress. The compression indices determined for these 

sediments did not correlate well with index properties as predicted by 

either empirical or theoretical relationships. Little difference in KQ 

values was found between tubed and reconstituted specimens and the 

values were also found to be similar to those of the other carbonate 

sediments given in the literature but inconsistent with that predicted 

by Jaky (1944) relationship.

The undrained shear strength ratios, cu/6'vo compression were higher 

than those in extension for both tubed and reconstituted specimens, and 

little difference was found between tubed and reconstituted specimens.
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The cu/o'vo in comPressi°n agreed reasonably well with plasticity 

index as proposed by Skempton (1957) and the corresponding cu/d values 

were found to be in good agreement with data obtained from conventional 

laboratory tests on specimens taken from the same site, and also with 

data derived from model free-fall penetrator tests.

High p ' values in both compression and extension (in excess of 35° ) 

were found for both tubed and reconstituted specimens. The for 

tubed specimen was found higher than that for reconstituted specimen, 

whilst ja 'e was increased after reconstitution. The values were 

also found to be higher than those of the other North Atlantic 

carbonate sediments reported by Demars et al. (1976).

The sediments from in and around GME site exhibited both non-linear and 

stress path dependant stress-strain behaviour. The compression 

stiffnesses were found lower than those in extension up to shear strain 

of about 0.5% for both tubed and reconstituted specimens. The 

undrained stiffnesses for the reconstituted specimens were higher than 

those for tubed specimens in both compression and extension. The 

undrained tangent stiffnesses were determined and values at shear 

strains of 0.02% and 0.2% were tabulated in Table 9.9. The undrained 

stiffnesses in compression at 0.02% shear strains were found to be 

similar to the initial undrained tangent stiffnesses of terrestrial 

soft soils given by Duncan and Duchigiani (1976) but higher than those 

of the other deep-ocean sediments reported by Silva et al. (1983).
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10.2 The Non-carbonate Sediments

The sediments taken from the NAP site were of high to very high 

plasticity silty clay with clay fraction ranges from 45% to 65% and 

with no carbonate content.

Two groups of tubed specimens were identified and their compression 

parameters were determined (see Table 9.1). The compression indices 

determined for these sediments did not correlate well with index 

properties as predicted by either empirical and theoretical 

relationships. The reconstituted specimens were found to be less 

compressible than the tubed specimens at the same mean effective 

stress. The KQ values for the reconstituted specimens were lower than 

those for the tubed specimens and these values were also found to be 

inconsistent with that predicted by Jaky (1944).

The cu/0'vo in compression were higher than those in extension for both 

tubed and reconstituted specimens and little difference was found 

between tubed and reconstituted specimens. The in compression 

agreed well with plasticity index as proposed by Skempton (1957). 

However, the corresponding cu/d values were inconsistent with data 

obtained from conventional laboratory tests on specimens taken from the 

same site.

The 0' values in both compression and extension were obtained. The & 

were lower than the for both tubed and reconstituted specimens and 
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the 0 ' values were increased after reconstitution in both compression 

and extension.

The sediments taken from the NAP site exhibited both non-linear and 

stress path dependant stress-strain behaviour. The normalised 

undrained compression stiffnesses were found lower than the extension 

stiffnesses up to shear strains of about 0.5% for both tubed and 

reconstituted specimens. The undrained extension stiffness for the 

tubed specimens were lower than those for the reconstituted specimens, 

whilst similar compression stiffnesses were found between tubed and 

reconstituted specimens. The undrained tangent stiffnesses were 

determined and the values at shear strains of 0.02% and 0.2% were 

tabulated in Table 9.9. The values at 0.02% shear strain were similar 

to the initial tangent undrained stiffnesses for terrestrial soft soils 

(Duncan and Duchigiani (1976) but higher than those of the other deep-

ocean sediments reported by Silva et al. (1983).

10.3 Critical State Model

The results obtained from the present tests conformed reasonably well 

within the framework of critical state soil mechanics. The 

compression parameters during one dimensional (ly and isotropic 

drained loading for the carbonate sediments were summarised in Table 

9.1. The value for XQ was found to be approximately the same as the 

value for X found for isotropic normal compression.
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Reasonably well defined critical state lines were inferred for each 

type of sediment being investigated. However, it was necessary to 

examine stress ratio, volumetric strain, pore pressure changes, as well 

as deviatoric stress in order to identify critical states from peak 

deviatoric stress states for KQ normally consolidated and lightly over-

consolidated soils. The critical state soil parameters given in Table 

9.8 were not symmetrical about the isotropic p' axis. The slope of 

the critical state line was found to be the same as in extension in v - 

In p' space (ie. AQ = Ae) and the critical state line was also found 

to be parallel to the one dimensional and isotropic normal compression 

lines (ie. A=AO = Ac =Ae). It was found that neither Mc = |Me| nor 

&'c = for the types of the sediments being examined.

State boundary surfaces were obtained from results normalised to take 

account of different effective stresses and specific volumes and 

results showed that such a surface was unique for a particular type of 

sediment . The resulting geometry of the KQ state boundary surface was 

asymmetrical about the isotropic p' axis which was similar to those 

reported for reconstituted soft clay (eg. Parry and Nadarajah, 1971 ; 

Atkinson et al, 1986). The geometry of the experimental state boundary 

surface was found to be substantially different from either the surface 

for the isotropic normally consolidated specimens or the surface for 

the equivalent isotropic Modified Cam-Clay model. However, such a 

surface can simply be modelled by the normalised version of Pender 

(1977) equation using soil parameters corresponded to the compression 

and the critical state lines.
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Significant path dependant stress-strain behaviour was found for both 

tubed and reconstituted specimens. After normalisation to take account 

of different stresses and volumes, the tangent stiffness parameters 

varied within narrow bands with strain level for a particular loading 

path. Results also illustrated an anisotropic elastic behaviour when 

soil states were within the state boundary surface and soil behaviour 

became elasto-plastic once yielding ocurred. The tangent stiffness 

parameters in extension were in general higher than those in 

compression at small strain. The compliance ‘parameters obtained from 

the results of special stress path tests were found to be in reasonable 

agreement with those predicted using a simple elasto-plastic model 

(City-Clay) derived in this thesis. The reason for the greater 

differences of behaviour between the tubed and the reconstituted GME 

carbonate specimens than the NAP non-carbonate specimens can be 

attributed to the breaking down of the cementation bonds between the 

carbonate particles after reconstitution.

The test data presented in this thesis are of particular interest to 

those who are concerned with engineering problems in deep-ocean 

sediments such as the free-fall penetrator (Freeman, 1984) and the 

knowledge of the sediment behaviour may also be applicable to problems 

such as construction in soft clay in general. The data comprises a 

reliable and consistent set of stress path tests in compression and 

extension on specimens of deep-ocean sediments taken from two North 

Atlantic sites. Results indicate that although the behaviour of one 

dimensionally (KQ) consolidated sediments conformed well within the 
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critical state framework, it is necessary to extend the simple 

isotropic model (eg. Modified Cam-Clay) in order to account for the 

effect due to one dimensional compression and such a model (City-Clay) 

has been proposed and the comparisons with data of kaolin and deep-

ocean sediments are encouraging. However, much further work , both 

experimental and theoretical is required to examine how well the other 

types of deep-ocean sediments can be adapted to the critical state 

theory such as the effects due to overconsolidation etc. and the 

consequence of the development of an appropriate constitutive model, 

in particular to incorporate soil characteristics such as creep which 

may also have a significant effect on the behaviour of deep-ocean 

sediment.
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Appendix A ; Derivation of Constitutive Equations for Modified Cam-Clay

The equation of yield locus for Modified Cam-Clay ( Roscoe and Burland

P'
M2

On critical

= Px

At B( vu

P'
P

state

PP

M2* t'2

(A.2)

p z) on the normal compression line

P

1

2

1

Vu (A.3)

At E( vx swelling line and the critical state line

= v (A.4)

v = r - (A.5)

From eqns (A. 3), (A. 4) and (A. 5) and eliminating p ' , we have

Sub. eqns (A.l) and (A.2) into eqn (A.6), we have the three dimensional 
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state boundary surface for Modified Cam-Clay, ie.

(A.7)

For V = 0 ; v = N and pz = 1 , on the isotropic compression line , 

eqn (A.7) becomes

N-r = ( A - K.) In 2 (A.8)

The constant volume

P‘

section of the state boundary surface is given by 

(1-v)
AM2 

M2 ♦ I'2

For = M, we have

From eqn

where

1 
p;

S£VP = Q Sq' ♦ P £p'

1
Q = VF

f 2 / ( A -X.)

( M 2 * 2 )

1f—X — .
(A -K.)(M2-t'2)

" vp' ( M2 ♦ ’?' 2 )

(A.10)

(A.11)

p ' = Px' ; t

i-T 
( 2 )

The flow rule, F for Modified Cam-Clay ( Roscoe and Burland, 1968 )
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is given by

^sP _ 2^

SEVP (M2-?'2)
(A. 12)

and combines eqns (A.ll) and (A.12) and with P F = Q for the normality 

condition to be applied ( Atkinson and Bransby, 1978 ) , we have

JESP = QF £q' ♦ PF S p’ (A.13)

By using eqn (2.35) in section 2.3 to include elastic and plastic

component of strains, we have the complete constitutive equations for

Modified Cam-Clay, ie.

les' 1
vp'

4EV
1^

„ 4<(A-K.)
imM4)

2 <(A-X,) 
(M2*£ 2)

2g(X-K,)
(M2 * t'2 )

(X-'CXM2-'?’2)

*(m2* £2)

(A. 14)

where yx ' = KZ/(3G') = 2( 1 - ')/9( 1 - 2 0') for an isotropic

elastic materal ( see section 2.3.1 ).
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V

Fig. Al Derivations of constitutive equations for Modified

Cam-Clay.
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Appendix B : Procedures for the Calculations of the Required Amount of

Salt for Reconstituted Specimens

The origin uncorrected water content m (%) and the weight W (g.) of 

an oven dried specimen were recored. The amount of salt S^ (g.) in 

this specimen is

S = r . w-m (B.l)
1 (1-r) 100

where r is the salt-water content and is assumed to be 0.035 , so

that eqn(B.l) becomes

s1 = 3-627 X 10 tw.m (B.2)

The amount of distilled water Ww| (g.) required to bring the specimen

to salt-water content of 0.035 is given by

Wwl = 27.5 7. Sj (B.3)

For a slurry of salt-water content m r the required amount of salt-

water Wsw (g.) is

Wsw= 1-096 (^y-Ww) (B.4)

Therefore the required amount of salt S2 (g.) and distilled water

Ww2 (g.) for the original dried specimen to produce a slurry of salt-
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water content m are

Wsw-0-035 (B.5)
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Appendix C : The Constitutive Equations for City-Clay

where

.v-M A
X

B
+

A
X 

B
H

£q*
$EVj C*x D [c D SP'

(1-7- 2«< 5' 
( 1 - -> + 4 *-  v>

/2)
2-' )
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Appendix D: Non-uniformity of Triaxial Samples due to Consolidation 

with Radial Drainage

Consolidation of triaxial specimens with radial drainage using 

conventional filter paper trips (Bishop and Henkel, 1962) have long 

been accepted in routine commercial and research laboratory mainly to 

minimize the time for consolidation. A series of triaxial tests have 

been carried out on reconstituted specimens of Speswhite kaolin using 

equipment as described by Atkinson (1985b) in order to examine the 

effect due to radial drainage and the results have been reported by 

Atkinson, Evans and Ho (1985). The results showed that significant 

non-uniformities of water content occur in specimens with radial 

drainage when subjected to undrained loading followed by consolidation 

or when subjected to rapid drained loading. These non-uniformities 

occur when early consolidation at radial boundary causes 

concentrations of total stresses and subsequently variations in the 

final water content, strength and stiffness across the sample diameter. 

The result is that the final water content is greatest at the centre 

and the specimen has a soft core surrounded by a relatively stiff shell 

(see Figs.Dl & D2). These non-uniform water contents imply sustantial 

variations in effective stresses and 20 % of these variations were 

estimated for normally consolidated Speswhite kaolin clay. However, 

this non-uniformity can be avoided by removing radial drainage or it 

can be minimized by slow drained loading if radial drainage is 

necessary.
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Plate 5.5 Trimming of the GME C-6 sub-sample core.



Plate 6.1 The triaxial stress path apparatus

( after Bishop and Wesley, 1975 )



Plate 6.2 The inner salt-water Chamber.



Plate 6.3 The 'Spectra' microcomputer control system.

( after Atkinson et al., 1985 )



Plate 6.4 The 'BBC' microcomputer control system.

( after Clinton, 1985 )
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(a) The IOS specimens ( x 3000 )

(b) The GME specimens. ( x 3000 )

Plate 8.1 Micrographs of the specimens.



(c) The GME C-6 specimens. ( x 3000 )

(d) The NAP specimens. ( x 1000 )

Plate 8.1 Micrographs of the specimens.
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Test no Sample no Compression stage Shearing stage

^a 
kPa/hr

* 
£v

%

AEV+

%
<5a 

kPa/hr
<5r

kPa/hr
Ea

%/hr

T2301 IOS-1 4 4.30 0.15 5 0 0.50
T3202 IOS-2 4 8.33 0.42 -10 0 -0.30
T3203 IOS-3 4 18.82 0.46 -20 0 -0.30
T3204 IOS-4 6 17.14 - 5 0 -

T2205 IOS-5 6 10.38 0.22 5 0 -

T2206 IOS-6 4 10.22 0.44 -10 0 -0.20

T2211 GT-1 6 16.50 0.45 5 0 0.40
T2212 GT-2 6 23.53 - -15 0 -0.50
T2213 GT-3 5 13.78 0.45 5 0 0.50
T3214 GT-4 3 15.96 2.18 4 0 0.25
T3215 GT-5 2 14.65 0.90 -10 0 -0.25
T2216 GT-6 3 18.45 0.88 4 0 0.25
T2301 GT-7 3 7.81 0.89 2 0 0.15
T2303 GT-8 5 14.62 0.73 4 0 0.50
T2305 GT-9 1 12.25 0.37 1.5 0 0.30

N9501 NT-1 1 27.48 0.26 -4 0 0.75
N9502 NT-2 3.5 28.43 0.12 -3 0 -0.75
N2503 NT-3 2.5 20.79 0.77 -4 0 -0.50
N2504 NT-4 1 13.62 1.17 3 0 0.50
N9511 NT-5 1 11.75 0.73 2 0 0.50
N2512 NT-6 1 11.24 0.53 2 0 0.30
N9513 NT-7 1.5 13.95 0.61 3 0 0.35
N9514 NT-8 2 18.82 0.60 2 0 0.25

* Total volumetric strain
+ The observed change of volumetric strain at the end of loading

Table 7.1 Summary of the rates of loading for triaxial stress 
path testing.

To be continued...



Continue to Table 7.1

Test No Sample No <=a 
kPa/hr

Ev*

%
AEV+

Q. 
"O kPa/hr

0r
kPa/hr

Ea
%/hr

N2515 NT-9 2 16.79 0.58 -3 0 -0.50
N2521 NT-10 2 18.85 0.88 -4 0 -0.40
N9522 NT-11 1 12.97 0.81 2 0 1.00

N2523 NT-12 2.5 17.65 0.93 -2 0 -0.25
N9524 NT-13 2 16.04 0.83 2 0 1.00

N2531 NT-14 1.5 12.58 0.62 0.5 -0.25 1.50
N9532 NT-15 1.5 11.48 1.04 1 1 -

N9533 NT-16 2 12.75 0.47 -0.8 0.4 -0.30
N2534. NT-17 2 15.69 0.67 1 1 -

N9535 NT-18 1.5 15.78 0.67 0.4 -0.2 0.20
N9536 NT-19 1 11.98 0.80 -0.5 0.25 -1.00

T9801 11C/A 4 10.18 0.81 4 0 0.20
T9 802 11C/B 4 3.28 0.29 4 0 0.60
T9803 11C/C 5 13.16 0.42 8 0 1.00
T9 811 22A/A 2 10.24 0.95 4 0 0.40
T9 812 22A/B 1 3.28 0.21 2 0 0.60
T9813 22A/C 2 16.77 0.71 4 0 0.40
T9 821 30A/A 1 3.47 0.45 2 0 0.40
T9 822 30A/B 2 1.26 0.13 2 0 0.50
T9 82 3 30A/C 2 9.02 0.53 4 0 1.00
T9831 1B/A 3 12.21 0.94 4 0 0.40
T9832 1B/B 5 1.96 0.35 4 0 0.40
T9 83 3 1B/C 12 18.99 0.91 8 0 0.50

T3221 GR-1 6 10.92 0.41 5 0 0.20
T2222 GR-2 5 11.83 0.20 -10 0 -0.25

T2223 GR-3 4 8.05 0.53 5 0 0.10

T2224 GR-4 3 4.68 0.47 4 0 0.40
T2225 GR-5 1.5 6.87 0.41 -10 0 -0.5

T2226 GR-6 6 12.91 0.60 5 0 0.25

To be continued....



Continue to Table 7.1

Test No Sample No 4
kPa/hr

*
£v

%

AEV+

%
°a 

kPa/hr kPa/hr
Ea
%/hr

T2234 GR-7 4 6.39 0.77 4 0 0.10
T2235 GR-8 4 9.33 0.43 -15 0 -0.10
T9302 GR-9 1 8.13 0.26 - 1.5 0 -0.10
T2304 GR-10 5 12.94 0.46 4 0 0.30
T2401 GR-11 3.5 11.21 0.42 1.5 0 0.15
T2402 GR-12 5.5 10.18 0.40 -2 0 -0.20
T2701 GR-13 2.5 10.29 0.33 2 0 0.15
T9703 GR-14 4 14.92 0.45 2 0 0.15
T9 25 3 GR-15 3 9.42 0.43 3 0 0.15
T2255 GR-16 4 12.90 0.35 -3 0 -0.05
T9256 GR-17 2 6.14 0.28 2 0 0.20
T9261 GR-18 2.5 10.17 0.26 2 0 0.15
T9262 GR-19 3 10.08 0.35 -6 0 -0.20
T2272 GR-20 3 8.73 0.50 -3 0 -0.05
T2284 GR-21 2 8.55 0.11 3 0 0.15
T2601 GR-22 3 7.98 0.46 1.2 1.2 -

T2602 GR-23 2 7.54 0.23 0.8 -0.4 0.25

N1541 NR-1 1.5 10.93 0.37 2.5 0 0.40
N3542 NR-2 3 18.13 0.57 3 0 0.30
N3543 NR-3 4 15.34 0.39 -4 0 -0.25
N1544 NR-4 1.5 13.09 0.62 -2.5 0 -0.30
N2561 NR-5 1 16.88 1.50 -2 0 -0.75
N9562 NR-6 1 13.70 0.33 2 0 0.75
N1571 NR-7 5 10.88 0.49 1 0 0.30
N3572 NR-8 8 17.22 0.32 2 0 0.40
N3573 NR-9 5 14.23 0.49 -2 0 -0.30
N3574 NR-10 7.5 13.74 0.43 -3 0 -0.30
N2551 NR-11 2 12.22 0.90 1 1 -

N9553 NR-12 2.75 13.36 0.18 0.6 -0.3 0.50

N9554 NR-13 3 14.39 0.61 -1.4 0.7 -0.20



Core
No.

Sample

No.
Gs LL

%

PL

%

PI

%

Clay

%

Silt

%

Sand

%

CaC03

%

Activity

5 10S-1 2.72 71 38 33 28 56 14 — 1.18
8 10S-2 2.72 70 33 38 - - - - -

co
10 10S-3 2.68 74 29 45 35 58 7 - 1.29

o 15 10S-4 2.74 83 31 52 44 49 7 - 1.18
o
Q

18
22

10S-5
10S-6

2.68

2.73

72

74
36

38

37
37 - - - - -

co
i

0-15 GT-1 2.66 107 43 64 40 53 7 50 1.60
CXI 
r- 60-75 GT-2 2.67 104 42 61 40 54 6 - 1.53

Q 105-120 GT-3 2.66 98 41 57 - - - 50 -

O
i 30-45 GT-4 2.69 103 41 62 43 50 7 54 1.44

<r 75-90 GT-5 2.66 106 41 65 41 51 8 - 1.59

Q
105-120 GT-6 2.67 106 42 64 - - - 45 -

6-11C - 130 58 72 30 61 19 58 2.40
c-6 6-22A - 106 46 60 35 45 20 52 1.71

6-30A - 93 57 48 36 54 10 50 1.33
6- IB - 104 51 53 38 49 13 66 1.39

84PCM33/4 NT-1 - - - - 65 27 8 - -

NT-3 2.76 87 41 46 56 32 12 0 0.82

84PCM19/4 NT-10 2.76 71 30 41 46 30 24 0 0.89

Table 8.1 Summary of results of the index properties
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Specimen Compression Extension

< cu/ °vo' >c ( cu/ Ovo )e

IOS - -

GME 0.378 -0.195

GME C-6 0.249

(U 
JD
□

1— NAP A 0.315 -0.253

NAP B 0.280 -0.250

■o
O__
□ GME 0.365 -0.165

R
ec

on
st

NAP 0.333 -0.220

Table 9.9 The predicted undrain^ shear strength ratios for K 

normally consolidated deep-ocean Pediments.
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( a )

Fig. 2.1 Elasto-plastic stress-strain behaviour, a) strain 

hardening b) strain softening ( after Atkinson 

and Bransby, 1978 ).



OABC , The axi-symmetric plane

OC =72-^3

OB = ( <$i+ ^2+ 63)

Fig. 2.2 The three dimensional stress space.

Fig. 2.3 The Mohr circle state of stress.

s' = A.(<+ s'3 )

t. =-l-(<s'1- <s'3>



( a )

Fig. 2.4 One dimensional compression behaviour of soils ,

a) the actual behaviour b) the idealised behaviour.



it 
n

1

Fig. 2.5 Isotropic ( ABC ) and One dimensional ( AOBOCO 

compression and swelling lines.

)



B

Fig. 2.6 Behaviour of normally consolidated soil.

0
( c ) 15%

Key : OA Undrained test

OB Drained test

Relationships between M andFig. 2.7



Fig. 2.8 Behaviour of overconsolidated soils.



Hvorslev 
surfare

Roscoe 
surface

Fig. 2.9 Three dimensional 
state boundary surface and a 
elastic wall.

Key : ABCDA

abc 'd 'a

ABCD

constant volume 
section

elastic wall 
section

yield curve

( after Atkinson and Bransby, 
1978 )

Fig. 2.10 Normalised sections of the state boundary surface 

a) with respect to p^ and p^ , b) with respect 

to v^ , c) definitions of the normalising param-

eters (after Atkinson, 1984c) .



Fig. 2.11 Normality condition.

Fig. 2.12 Hardening and softening.
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°1°2
( b ) ( d )

Fig. 2.14 Behaviour of heavily overconsolidated ( Oj _Aj _C ) and 

lightly overconsolidated ( O2A2C ) soils.



O
( d )( b )

Fig. 2.15 Behaviour of normally consolidated soils.
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Co
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Fig. 2.16 Yield curve for a natural soft clay 
( after Wong and Mitchell, 1975 )

Fig. 2.17 Yield curves for natural soft clay.
( after Graham et al., 1983 )



0.4

Fig. 2.18 Normalised effective stress path for a 'undisturbed' 
marine soft clay. ( after Koutsofas , 1981 )

t) 
Lb

Fig. 2.19 Normalised effective stress path of 'reconstituted'
Speswhite kaolin. ( after Atkinson et al., 1986 )
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Fig. 2.22 An idealised constant vohume section of an 
anisotropic state boundary surface.

Fig. 2.23 The predicted undrained effective stress paths for 
an elastic soil. ( after Graham and Houlsby,1983 )



Fig. 2.24 A flow rule for an anisotropic yield locus.



City-Clay (eqn. 2.94) 

Anisotropic Modified 

Cam-Clay (after Atk-

inson et al, 1986)

Fig. 2.25 The predicted constant volume section of the state

boundary surface for a) Speswhite kaolin clay b)

Cowden Till.
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Fig. 3.8 Engineering properties of NAP cores.

( Motor-vane strength, after RGD, 1984 )
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(a) North Pacific
T20-

Fig. 4.11 Plasticity Charts for North Pacific and North Atlantic 
Deep-ocean Sediments ( after OAP, 1982 ).



(a) Core 7-9-18E

(b

Fig. 4.12 One Dimensional Consolidation Test Results

( Gulf of Mexico, after Bryant et al., 1974 )



Fig. 4.13 One Dimensional Consolidation Test Results

( North Atlantic, after Nacci et al, 1975 )

Fig. 4.14 One Dimensional Consolidation Test Results 

( North Atlantic, after Valent et al., 1982 )
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4.16 One Dimensional Consolidation Test Results

( North Atlantic, after Silva and Jordan, 1984 )



0

Fig. 4.17 Relationship between Compression Index and

Plastic Index ( after Nacci et al, 1975 )

Fig. 4.18 Relationship between Compression Index

and Liquid Limit ( after Demars etal, 1976 )
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Fig. 4.29 Stress-Strain and Pore Pressure Response of

Triaxial Compression Tests. after Akers, 1980 )

Fig. 4.30 Stress-Strain and Pore Pressure Response of

Triaxial Compression Tests. ( after Nacci etal, 1975 )



(a) K Consolidated Undrained Compression

(b) Isotropic Consolidated Undrained Compression

Fig. 4.31 Stress-Strain and Pore Pressure Response of

Triaxial Compression Tests. ( after Siciliano, 1984 )
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Relays

Microcomputer
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Air-water interface 
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Displacement 

transducer
Load cell
Manostat
Stepper motor 
Volume gauge

A / D 
Conversion

Fig. 6.1 Microcomputer controlled triaxial

( after Atkinson et al., 1985 and

stress path system.

Clinton 1985 )



Output, mV

Fig. 6.2 A typical load cell calibration curve.

Fig. 6.3 The axial compliance of the load cell.



Fig. 6.4 A typical pressure transducer calibration curve.

Fig. 6.5 A typical volume gauge calibration curve.

Fig. 6.6 A typical displacement transducer calibration curve.



Sample

( Diagrammatric , not to scale ).

Fig. 6.7 Drainage connections between the sample and

the volume gauge.



Fig. 6.8 The main control loop program : Flow Chart.

( after Atkinson et al., 1985 )



Option

A Return control

B Enter test data

C Zero pressure readings

D Set initial pressures

E Zero strain readings

F Start a test stage

G End a test stage

H Display current state

I Print records from store

J Display records

K Calibrate transducers

L Enter calibration data

M Time check

N Transfer records to disc

Fig. 6.9 The option menu for the control program.

( after Clinton, 1985 )

Fig. 6.10 The choice of a calibration constant.



Fig. 6.11 Noise and drift of the measuring device.

Recorded 
stress crr

pressure Controller
ps

Fig. 6.12 Recorded and controlled stresses in a stress path 

cell with feed-back control. ( after Atkinson et 

al., 1985 )



Fig. 7.1 The floating ring type oedometer for preparing

reconstituted triaxial specimen.



Fig. 7.2 The inner salt-water chamber on the triaxial

cell pedestal.
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A'-B'
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, initial isotropic stress state
, isotropic compression
, anisotropic compression
, Kq compression
, Kq swelling

Fig. 7.3 Stress paths for isotropic and anisotropic

compression.



Path Test q

P
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Or

OA Const, q' 0 1

OB Drained 3 00

OC Const, p' 00 -2

OD Unloadung -3/2 0

Fig. 7.4 Examples of the directions of stress paths in 

relation to the principal stress increments.



Test Loading Unloading Reloading Stress to strain 
control

Failure
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Const, p
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Fig. 7.5 Stress paths for constant p and q loading and

unloading tests.
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Fig. 8.11 The basic shearing test results of the GME C-6 tubed specimens.
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Fig. 8.12 The basic shearing test results of the NAP tubed specimens.
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Fig. 8.12 The basic shearing test results of the NAP tubed specimens.
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Fig. 8.12 The basic shearing test suits of the NAP tubed specimens.
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Fig. 8.13 The basic shearing test results of the GME reconstituted specimens.
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Fig. 8.13 The basic shearing test results of the GME reconstituted specimens.
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Fig. 8.14 The basic shearing test results of the NAP reconstituted specimens.
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Fig. 8.14 The basic shearing test results of the NAP reconstituted specimens.



Fig. 8.14 The basic shearing test results of the NAP reconstituted specimens.
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Fig. 8.14 The basic shearing test results of the NAP reconstituted specimens.
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Fig. 8.23 Stress-strain curves for the GME C-6 tubed specimens.
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Fig. 9.8 Relationships between Xo and index properties.
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Fig. 9.24 Normalised state paths for GME tubed specimens.
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Fig. 9.29 State boundary surfaces for deep-ocean sediments
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Fig. 9.32 Normalised stress-strain curves for GME C-6 specimens

0

§1 1.
0 x—1

x—4

o
x—4

U)
4->
U)
(D◄ -P

1 TS (D◄ 0) i—1
1 C & CQ o◄ •H g• L (0 di cn

i- 'd 
c • O
D

• r
••

& u
1 M <u T—1



I--------------- b

o
CM



LT) kO1 1 r-1 CO1
cr>

11 1 
Eh Eh

1
Eh

1 
Eh

1
Eh

Z Z Z Z Z

© ◄ X □ 0



Ke
y : D

ra
in

ed
 tes

ts
 (K

0
0 

U-4
(D
> 
0
0

04 O
0
0 (D

0 0
a)
>

cm m 1
r-d rd

■ I 1
1 1 

Eh H 
Z Z

•

1

© <J



------------ 1------------1------------1------------'-----------

LO <X> CO cnvH r-4 T—41 X—1
11

&4
1

H
1

H
1

Eh
z Z Z

o • < ©

4->
U) 
a> 

4->

g

TS 
a) 
c 

•rd 
05 
id

a
0 £

<4-1

a)
0 

<4-4
>

05
O cn

a)
CQ

tr> cn
05
Sq
aj CP
> •H
<



vH
1

CM
1

m1 1 in1 1 r-1 CD11
Eh

1
Eh

1
EH

1
Eh

1 1 
Eh Eh

1
Eh

1
Eh

0 0 0 0 0 0 0 0

• O ■ ® <3 ◄ □ X



r—I 
f—I

i:
I*a u
, i

.1
••

I 
I

!
0-1'0-

I---------b
oCsl

• • •at? u

(0 
P*  
co

cn>

tn 
•rd

T“4li-as 
8

CN faII -p
fa S iny 0 a)o p -P

Pd
r3

(D a)
( 

fa
3 C a

•rd •rd
—■ rd rd

<D
P
-d

w tn p
-p (0 d
U) p
a)

-p
a> p
> 0
<

T5 
a) 
a 

•rd
(3 
P 
•o

i

aD
i

uuo—u—b—o o
LO 
O

o co

oCP

O

-o
------ 1---
-°-o-o

o
I

o CP
I

o co
I

o <■
I

o LD

<T>

tn
•rd 
fa

W 
a 
a) 
S 

■rd
U

TS 
aj 
-P

-P 
■rd 
-p
0) 
c 
o 
o 
a) 
p

4

I



O 
LD

o 
o

tn
LU
>

'crl'o.

I---------f
oCM

X

14
J I*
0k

il
I •A

I 'X
1

X’«

\ %
W

+ u Us MO<qa <Ma<n<HpcLo<i;

LD
O

o
<■

o
■ co

.. o ex)

.. o

LD O

LT) 
r-HI
X
0

•

kO [■" CO O> o T—I
T—< T—1 T—< T—<

1
CM

1
CM

11
Pi

1 
cn

1
(X

1
Pi

1
Pi

1
Pi

0 0 0 0 0 0

o © <1 □ X

XT 
co

cn

tn
•H
Pm

S
-P 
<n

0 a)
P -P

Ud

a)
nJ 
(D

C a
•rd •rd
i—1 aj

a;
p
T)

tn a
aJ
p 
(D p
> 0

Ud

cn 
a 
a)
5 

•rd 
O 
a)
6 
cn

'U 
a) 

■P

-P 
■H 
-P (D 
a 
o 
o 
a) 
p

------------- (--------------- 1--------------- (--------------- 1--------------- 1
l-°acO|

O
I

o cxi
i

.. o co
I

o <r
i

O 
LD

I

Q



CM
<c 
Z

M
0

LH
W
d)
>
3
O
C .

•rd c d
rd s

a)
4-> 8
U) •rd

1 o
U) a)
« A
0) CD

4-> TS
c d a)

-p
T3
<D d->
m •rd

■H d->
<—1 CD
rd c
8 0
M o
0 CD
Z M

rdtnm
•

cn
•

tn-rd

++b

'cr|'o_

4

v-H CM
1

m
i

M1
11 

pc ;
1

Pi
i 

pc;
1

ptj
z z z z

• © < o

I



m
m T—<

• II
CM CH (Xi
II 

(X 
r 3

tn
8

•H
fa

■p
s cn
0 (D

0 H -P
ip

TJ
a) a)
c c

0) •p -H
-P r—1 nJ
tn P
0) a)
p tn a

nJ g
b p
o a) p
c > 0

•H ip
nJ
P

a
D

-J.
Q .. 

Fi
g.

 9.3
5b

 Norm
al

is
ed

 str
es

s-
st

ra
in

 cur
ve

s fo
r

re
co

ns
tit

ut
ed

 spe
ci

m
en

s.



% t' cr cl

I-----------------b

o
CN

-4

LT? O LO
O

II U-l

+

8
a)
>

CD
4->
CD 
a> 
L>

T) 
a) 
c

•H 
nJ 
L 
Q

$

■P 
CD 
cu

4->

TJ 
a) a 

•rd

L 
0 

U-l

nJ 
m

L •
CD 

•H 
IL

O
I

o CM
I

o ro
i

O <r

o LO
I

CL

Z
o
CD
a)>
o

□
LT) 
CO

cn

cd  
•H 
IL

-I

CD

i





o in
8

in 
a 
a)
S •H
O 
a) 
ft in

qq < CQ

ft ft ft

3 20 0 0
M M p
0 0 0

in 
-P 
cn 
a) 

4->

T—♦
|

CN
1

on
1 1

in
i

ID
11

cn
1

in
1 

cn
1

cn
i

cn
1cn

O O O O O oH H H H H H

•• • o < © < O
c 

•r4
rtf 
M 

TJ
a 
□

a)

25
0

Fi
g.

 9.3
6 Norm

al
is

ed
 she

ar
 stif

fn
es

s fo
r IO

S tu
be

d sp
ec

im
en

s

O in



Fi
g.

 9.3
7a

 Norm
al

is
ed

 she
ar

 sti
ffn

es
s fo

r GM
E tu

be
d sp

ec
im

en
s.



25
0

Fi
g.

 9-37b
 Nor

m
al

is
ed

 she
ar

 stif
fn

es
s fo

r GM
E tu

be
d sp

ec
im

en
s.



200

150

100

50

0 -------
•01

a) Undrained tests on K o specimens
OCR

Sample 6-11C : • A 1.0
0 B 1.1
▲ C 1.0

•01 -1 1 5 10 20

200

Fig.9.38 Normalised shear stiffness for GME C-6 tubed specimens



II

cn 
■p 
cn
0)
4->
lO
O 
c •H
M

8
cn 
c 
CD
S -H
O 
a) 
ft
CD

D
$

CQ

ft ft
g d
0 0
p p
0 o

co CO ’xF L0 kO I>
■ i i i i

co1l
Pi

l
H

1
p

1
p

i <
p p

1
p

2 2 2 2 2 2 2

O<ID®0<1XB®
O

25
0

Fi
g.

 9.39
a Nor

m
al

is
ed

 she
ar

 stif
fn

es
s fo

r NA
P tu

be
d sp

ec
im

en
s.



25
0

Fi
g.

 9'. 3
9b

 Norm
al

is
ed

 she
ar

 sti
ffn

es
s fo

r NA
P tu

be
d sp

ec
im

en
s.

o LD



Fi
g.

 9.3.9
c Nor

m
al

is
ed

 she
ar

 sti
ffn

es
s fo

r NA
P tu

be
d sp

ec
im

en
s.



T—4 CM1 co ID1 <01 p-1 CO11
Pi

1
X

I
Pi

1
Pi

1
Pi

1
Pi

1
Pi

1
Pi

0 0 0 0 0 0 0 0

• O ■ O < ◄ □ X

20
0

Fi
g.

 9.40a
 Nor

m
al

is
ed

 she
ar

 stif
fn

es
s fo

r GM
E re

co
ns

tit
ut

ed
 spe

ci
m

en
s.



25
0

Fi
g.

 9 -
40

b Nor
m

al
is

ed
 she

ar
 sti

ffn
es

se
s fo

r GM
E re

co
ns

tit
ut

ed
 spe

ci
m

en
s.



Ui 
a 
a)
S •H
O 
a) 
ft 
ui

0) 
+J 
U)
a) 
-P

TSa> a
■rd 
rd
M 
Q

>1

LT) <0 r- CO CH O r—4
T—<|

T—1
1

x~4
1 T—i1

T—< CM1 CM11 1
(4

1
(4

1 1
(X

1
cd

1
Dd

0 0 0 0 0 0

• O ® ◄1 < □ X

O

Fi
g.

 9.40
c Nor

m
al

is
ed

 she
ar

 sti
ffn

es
s fo

r GM
E re

co
ns

tit
ut

ed
 spe

ci
m

en
s.



cn

+

25
0 o 

o CM

q 
a) 
S 

•H
O

o 
-p 
05 
q
0

43 
P 
05
O
I
q 
o 
q

0

ID 
-p U1 
a) 

-p
T5 
a) 
q

■H
o5
P

T5 
q 
D

o in

iiCEi u o

£

cn
r—I r-H

I I 
ct; as 
0 0

• ®

+

O 
o

ii ct$ u o
q
a>
6 

•P
O 
(D

(D 
-P 
05 
q 
o 

43
P 
05 
U

o

05 
o

a>

tn 
•H 
IP

t5 
a> 
-P 
q 
-P
■H
-P 
U) 
q 
o 
o 
a) 
ct;

+

o in

o

Fi
g.

 9.40
d Nor

m
al

is
ed

 she
ar

 sti
ffn

es
s fo

r GM
E re

co
ns

tit
ut

ed
 spe

ci
m

en
s.

o in

i



U) 
-p 
w
a)

4->

TS 
a) 
a

•H 
aJ 
P 

T3
C 
D

>1

r—<
1

CM
1

n
1 11 

Pi
1

Pi
1

Pi
1

Pi2 z z z

• © <3 o

Fi
g.

 9.41
a Nor

m
al

is
ed

 she
ar

 stif
fn

es
s fo

r NA
P re

co
ns

tit
ut

ed
 spe

ci
m

en
s.



Fi
g.

 9.4
1b

 Norm
al

is
ed

 she
ar

 sti
ffn

es
s fo

r NA
P re

co
ns

tit
ut

ed
 spe

ci
m

en
s.



Fi
g.

 9.4
1c

 Normali
se

d sh
ea

r st
iff

ne
ss

 for
 NAP

 rec
on

st
itu

te
d sp

ec
im

en
s.

co1 cn11
Pi

1
Pi

1
Pi

2 z

• o O



Fi
g.

 9,41
d.

 Normali
se

d sh
ea

r st
iff

ne
ss

 for
 NAP

 rec
on

st
itu

te
d sp

ec
im

en
s.



w 
a

■h  
o

a;
P
2 
Eh

+

25
0 o o CN

O LT)

Q x-V

r- cO o
co m CO cn 

co• • •
cn cn cn CH

• • • •
CD CD tn tn

•H •H •H •H
fa fa fa fa

s S 8 s
o 0 0 0

5-1 5-1
fa fa fa M-4

a>
c

•H = = z

a>
Cd
05

> as

i 
u

w fa fao s 3H o 0 a

o 
o

c 
o

-H 
w
CD
a)
5-1
ft 
Sou

+
o LD

o

> o CN

Fi
g.

 9,42 A
 com

pa
ri

so
n of

 the
 und

ra
in

ed
 she

ar
 sti

ffn
es

se
s be

tw
ee

n d
iff

er
en

t tu
be

d se
di

m
en

ts
.



25
0

Fi
g.

 9.43 A
 com

pa
ri

so
n of

 the
 und

ra
in

ed
 she

ar
 sti

ffn
es

se
s be

tw
ee

n tu
be

d an
d re

co
ns

tit
ut

ed
 GME

 sed
im

en
ts

.



+ +

25
0 O o CXI

o in

•r4 
W 
c
a) 
-P

CO
Ch 
co
cn

tn 
•H 
fa

4-1

c0

CTi

tn
•H
fa

M
4-1

(D d)
a c:

•H. -H
r-4 r—I

(1) 
tn 
(0 
p 
a)
>
(0

TJ 
<D

43

H

&

o 
tn
<0

a)>
cO

o 
a) 
fa

I 
I

+

o 
o

o in

uj
>

in 
UJ 
>

LD

O

O

LD 
o

tn ■

o

o CN■
o in Fi

g.
 9. 4

4 A com
pa

ri
so

n of
 the

 und
ra

in
ed

 she
ar

 sti
ffn

es
se

s be
tw

ee
n tu

be
d an

d re
co

ns
tit

ut
ed

 NAP
 sed

im
en

ts
.



Fig. 9.45 The normalised compliance parameters for the NAP 

tubed specimens. ( Compliances A and C from con-

stant p' tests , compliances B and D from const-

ant q' test )
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