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ABSTRACT

THE SHEAR STRENGTH OF TWO RESEDIMENTED CLAYS
AT LOW AND VERY LOW EFFECTIVE STRESSES

Two main means of measuring shear strength were used: the first was the
direct shear apparatus with internal pore water pressure measurement and the
second was plane strain tilting of a submerged, initially horizontal, 20mm layer
in a tank. The lower limits of shear strength for the two clays, which exclude
the strong effect of thixotropy at low stress levels, are the same as values
reported in published studies covering stress levels three orders of magnitude
higher (namely ¢ = = 22.5°for Speswhite Kaolin and ¢ = =21 °for London clay).
The pore fluid was London tap water for most experiments with some variations
also tried including added sait and coagulant.

Up to an effective consolidation stress of 5kPa, a large thixotropic component
of strength was measured which was pseudo-frictional in that it was
proportional to effective normal stress. Various experimental factors suggest
that thixotropic strength may result from unsustainable dilatancy as flock bonds
are broken. Any small degree of overconsolidation made this dilatancy
sustainable within this stress range. Linear relationships between lower limit
shear strength and overconsolidation ratio have been established. Clear
relationships were established between shear strength and voids ratio for each
clay when overconsolidated.

The correlations with pre-existing shear data and a wide variety of direct shear
and tilting test data show there are two alternative rupture plane orientations:
maximum stress obliquity and a no extension direction associated with
coincident axes of stress and strain increment.

The absence of noticeable creep beyond 7 days after sedimentation was
gratifying in that there is a possibility of simulating natural clay formation in a
reasonable time frame.
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CHAPTER 1

INTRODUCTION

Offshore oil exploration has resulted in a variety of engineering work on the
seabed and some of this work has required estimates of shear strength of soils
at effective stress levels far below those previously considered of engineering
interest. Cheap, quick and rather general techniques for measuring shear
strength at low effective stress levels are reported and the fundamental
understanding of clay behaviour is extended. The wide range of low stress
levels and the drained shear conditions have allowed mechanisms to be
deduced in a way that was denied to Skempton and Northey (1952) when
reporting and interpreting undrained tests at a stress level appropriate to the
liquid limit. Seed and Chan (1957) dealt empirically with a complex situation
involving compacted unsaturated thixotropic soils; again basic mechanisms
were obscured. Resedimented Speswhite Kaolin and London clays have been
well researched so measurements by new technique could be validated by
comparison with high quality data obtained from established techniques.
Resedimentation might appear to be inappropriate preparation technique for
estimating the shear strength of soils in the seabed in that any aging process
insitu would be missed. However the actual results do show a short term aging
process which was completed within the span of a few days, so there is a
reasonable chance that there is direct relevance in the shear strength results
obtained. Of course this can be checked by using a real seabed soil for which

good insitu shear strength data is available. If it turns out that most aging
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processes in soils near the seabed are short term then the resedimentation
technique has the added advantage of using cheap completely disturbed soil
samples. The remarkably high shear strengths (in relative terms) measured in
the study strongly suggest that this possibility will be realised. Other effects
which may be investigated using these techniques are: the shear characteristics
of soil containing gas bubbles using a similar sample preparation technique to
that adopted by Sills et al. (1991) in their study of the behaviour of offshore
soils containing gas bubbles; and the effect of cementation due to some

chemical or biological agent as observed in some naturally occurring soils.

These high shear strengths were shown to be largely due to a thixotropic
component which could be conceived as a positive dilation which diminished
and finally vanished under a constant or increasing shear strained rate. A
period of rest, with no strain, restored this component revealing its thixotropic
nature. Unstable dilation is suggested because this component is proportional
to effective stress over the range of stress in which it has been observed and
can be incorporated in an effective angle of shearing resistance for soil
undergoing slow stress controlled loading, or indeed very fast stress controlled
loading. Over-consolidation achieved within the stress range of thixotropy was
shown to convert the whole thixotropic component of shear strength to
frictional shear strength in the conventional sense. Creep in one of the normally
consolidated clays also had the effect of converting a proportion of the
thixotropic component of strength; an effect in harmony with the thixotropic

component probably being due to an unstable dilatancy.
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Two main means of measuring shear strength were used: the first was the
direct shear apparatus; and the second was a plane strain tilting of a submerged
initially horizontai layer of clay in a tank. The shape of axisymmetric triaxial
samples was judged too unstable for the very low shear strength samples
which were to be tested, and the use of a simple shear apparatus was not
entirely successful, probably because this apparatus was an adaptation from
one intended for much higher stress levels. It is clear from the work of others
that properly set up simple shear apparatus would have been suitable (Dyvik et
al. (1987)). The use of tilting a thin layer of clay around 20 mm thick was risky
because with stress levels down to 0.05 kPa there would be great doubt about
any interpretation unless good correlation with conventional tests and
interpretation could be achieved. Eventually this correlation extended for the
Kaolin up to 600kPa (with Cambridge simple shear and true triaxial data). For
the London clay a similar extension was achieved with data from triaxial tests
carried out at Imperial College. This was fortunate; the simplicity and versatility
of the tilting technique allowed effects of short term aging and
overconsolidation to be extensively investigated using a very wide range of
stress controlled incremental loading rates. The differing effects of stress
control and displacement control were found by comparing data from the direct
shear apparatuses which incorporated internal pore water pressure

measurements.

The differing boundary conditions of the apparatuses presented an opportunity
to learn more about the factors that determine the orientation of rupture layers.

As might be expected the results suggest that two orientations are strongly
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favoured:

(i) the no-extension direction associated with pre-failure straining with
coincident axes of stress and strain increment.

(ii) the coulomb planes of maximum stress obliquity.

Simple consistent interpretations suggested that there were only very small

deviations from one or other of these two orientations.

Chapter 2 reviews the existing laboratory and in-situ testing methods for
obtaining soil properties. Chapter 3 outlines the research strategy of this work
and describes the behaviour of clay under shear. Chapter 4 describes the
apparatuses used in this research programme. Chapter 5 provides the
properties of the clays used and describes the method of sample preparation
and setting up procedure. Chapter 6 presents the resulits obtained from each
apparatus. Chapter 7 provides an interpretation and discussion of the resuits
and finally Chapter 8 lists the main conclusions of this work and provides

suggestion, for further work.
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CHAPTER 2

REVIEW OF SOIL PROPERTY MEASUREMENT.

2.1 Introduction

Application of shear loads in determining the strength characteristics of soil has
been a common practice since the 1940’s. Many versions of shear testing
apparatuses have been in use for the determination of the soil properties to be
utilised for the design of structures. Laboratory testing is an essential
component of geotechnical investigations for marine problems, and generally
provides the majority of data for the geotechnical analyses. Data from in-situ

tests usually serve to complement the laboratory data.

The following sections evaluate commonly used soil testing apparatuses and
their capabilities for operating at relatively low stress levels. However, testing
of soils at low stresses has proved to be of great difficulty as the mechanics of
the apparatuses and surrounding conditions contribute to large unacceptable
errors. The difficulty of handling saturated clays at low stresses is of great
importance as mishandling results in irrecoverable disturbance to the sample.
Measuring devices also prove to be of low accuracy when operating at very low

and small ranges.
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2.2 Review of measurements of shear strength and density / voids ratio in the

laboratory.

2.2.1 Measurement of shear strength

2.2.1.1 Direct Shear Apparatuses

Direct shear tests involve the shearing of a relatively thin sample with strain
centred along a plane defined by a horizontal split between two rigid frames

which form the sample enclosure.

(a) Direct Shear Box.

The most commonly used direct shear device is the direct shear box in which
a rectangular specimen is encased in a horizontally split box. A normal force
is applied to the sample through the top half of the box, after which a shearing
force is applied to move the top half of the box relative to the bottom haif. The
kinematic constraint that forces the failure plane to occur in a particular
direction also introduces unknown conditions, such as the uncertainty of
principal stress directions and strain distributions within a sample tested in the
shear box. Finite element analysis of an idealised elastic-perfectly plastic
isotropic soil in the direct shear box revealed that, despite the strongly non-
uniform stresses generated prior to failure, the peak shearing resistance is close
to the ultimate strength in a similar analysis for the simple shear apparatus
(Potts et al. (1987)). These results obtained using finite element analysis are

not reliable since soils do not exhibit an idealised behaviour throughout the
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shear test. However, although excellent improvement on the uniformity of
strain distribution can be achieved by using large shear box (e.g.:- Assadi
(1975); Arthur and Assadi (1977); Jewell and Wroth (1987)), the state of
stress is still not uniquely defined by the boundary measurements of the

average vertical normal stress and the horizontal shear stress.

The use of radiography to monitor the strain within a sand sample tested in a
large direct shear box has provided evidence to suggest the horizontal plane
might indeed be a plane of maximum stress obliquity and, as in the simple shear
apparatus, also a no-extension direction (Arthur and Assadi (1977)). Attention
has been drawn to the influence of shear box boundary conditions on the
uniformity and orientation of principal stress and strain directions in direct shear
tests (Jewell (1988)). Jewell distinguished between a shear box with a
symmetric arrangement, in which the top platen, through which the normal load
is applied, is rigidly fixed to the vertical sides of the upper half of the shear box;
and the asymmetric arrangement, in which the top is free to rotate (e.g.
Casagrande arrangement or the use of pressure bags as employed by Arthur
and Assadi (1977)), Figure 2.1. The similarity between the symmetric direct
shear tests and the simple shear tests was also demonstrated by Jewell (1988)
and, in agreement with Airey (1987), Jewell considered the symmetrical
arrangement to be preferable. The Casagrande arrangement is deemed to result
not only in non-uniform rotational deformation of a sample but also in a higher
shearing resistance which under estimates the dilation.angle on the central
plane (Jewell and Wroth, 1988). The subject of anisotropy in the interpretation

of direct shear tests has also been discussed by Tatsuoka (1987), thereby
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further emphasizing the caution one must exercise when interpreting results

from seemingly simple and direct test.

(b) Ring shear cell.

A further variation of the direct shear cell which has gained acceptance for both
soils and materials testing, is the ring shear cell. As the name implies, it is an
annulus in which the top half is rotated relative to the bottom half. The
variation in the stress distribution, which results from the sample geometry, is
analytically allowed for by making simplifying assumptions as to the variation
of normal and shear stresses across the sample (eg:- Bishop et al. (1971)).
Apart from the major kinematic constraint associated with direct shear devices,
i.e.:- forcing the failure plane to occur in a particular direction, the ring shear
cell loses the disadvantage of end stress concentration and strain discontinuity.
Moreover, prior to the formation of a rupture plane in a specimen, the boundary
conditions are such that the horizontal plane is a no-extension plane.
Furthermore, the ring shear cell possess the added advantage of an unlimited
strain capability and also maintaining a constant shear surface area. These
features have enabled residual strength of soils to be investigated (Bishop et al.

(1971)).

In summary, the average stress-strain curve obtained from measurements of
shearing force and shearing displacement in direct shear devices cannot be
depended on to provide a true stress-strain picture for the assumed stress

conditions, i.e.:- g, and r, acting on a horizontal failure plane. In direct shear
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devices the principal stresses are not known. The magnitude and direction of
the principal stresses are inferred by assuming either maximum stress obliquity
condition or a no extension direction with coincident stress and strain
increments on the assumed horizontal rupture plane. Evidence to these effects
have been demonstrated in special cases (Arthur and Assadi (1977)); Jewell
and Wroth (1988)). Special techniques are also required to provide a more
accurate picture of developed strains such as using lead shots imbedded in the
sample and X rayed at different intervals during the shearing process. Total
stress behaviour can only be deduced as pore pressure measurement has not
been possible and therefore drained or undrained testing cannot be assumed.
However, direct shear devices have been mainly used to provide comparative
studies of various materials tested under the same conditions. They are also
used often to simulate typical element of a rupture layer giving an apparent
direct link to mechanism of field failure. Moreover, the simplicity of operation
and the speed of obtaining results still makes them quite popular in many

laboratories.

2.2.1.2 The Simple Shear Apparatus

In an attempt to overcome some of the limitations of direct shear devices, an
apparatus was deVeloped in which a uniform condition of simple shear can be
imposed such that the entire sample becomes the zone of failure (Kjellman
(1951)). This apparatus was given the name simple shear to reflect the mode
of sample deformation. Further developments over the years have resulted in

essentially two types of simple shear devices. One type, the Cambridge simple
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shear device (Roscoe (1953); Stroud (1971)), tests a sample which is square
in plan and enclosed within rigid platens which are linked together with hinges
and slides such that the necessary simple shear deformation may occur. The
other type, the Norwegian simple shear apparatus (Bjerrum and Landva (1966))
which is a refinement of Kjellman’s apparatus, tests short cylindrical samples
enclosed within a rubber membrane. The membrane is reinforced with a spiral
binding in order to encourage the desired inextensional plane strain mode of
deformation. When successful, the kinematic restraint of the simple shear
apparatuses ensures the horizontal direction is the no-extension direction, this

is achieved especially in the Roscoe version.

As with the direct shear devices, the only initial state of stress which can be
produced in a simple shear specimen before application of shear loading is that
corresponding to so called K, condition (some lateral strain is inevitable).
Although K, can be varied to some extent by overconsolidating the specimen,
no other initial state of stress is possible. The condition imposed to achieve the
deformed shape is a boundary displacement which, for homogeneous sample
strain, becomes strain controlled with the horizontal shear stress (r,) generated
as a response and is ;hus measured by some suitable device. The inability to
apply complimentary shear stresses on the ends of the sample; implies a non-
uniform distribution of shear stress over the top and bottom surfaces of the
sample and also a corresponding non-uniform distribution of normal stresses

over these surfaces so as to maintain the moment equilibrium of the sample.

Analysis of the stress and strain distribution within a sample have illustrated
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that deformation is considerably more uniform than stress (eg:- Roscoe (1953)).
Also, empirical observations reported by Casagrande (1975) and by Wood and
Budhu (1980), show that soil samples are certainly not deterred from
developing variations in density within the sample. More recently, Airey &
Wood (1987), reporting on simple shear tests on normally consolidated Kaolin
samples -in which radiography was used for internal strain measurement-,
showed the stresses and strains to be uniform in the central region of the
sample, away from the vertical boundaries, until failure. In view of the above
observation, they concluded that stress and strain variables determined from
the central region are representative of a uniform simple shear deformation in
plane strain. The deformation mechanism of the simple shear apparatus
imposes an unavoidable and uncontrolilable rotation of principal stress directions
during monotonic loading of a sample. A comparison of the uniformity of stress
for sands and clays by Airey and Wood (1984) showed that the uniformity is
much improved for the more plastic clay samples and, in consequence, they
suggested that the results from simple shear tests on clays can be presented

with more confidence than that of sands.

The previous sections highlight the possible errors in directly comparing the

results from different apparatuses and emphasizes the need for one to be wary

of the differences in test procedures and conditions.
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2.2.1.3 Conventional Axi-symmetric Triaxial Apparatus

This is the most popular shearing device for performing laboratory tests to
study the stress-strain behaviour of soils. In the triaxial test, a cylindrical sample
is placed under a state of hydrostatic stress and an axial load is applied to shear
the sample. The radial stress which provides two of the principal stresses is
applied to the sample through a rubber membrane, while the axial stress is
imposed through rigid end platens. The effects of loading platen friction on the
uniformity of stress distribution and the deduced stress-strain behaviour has
been acknowiedged as early as the 1940’s by Taylor (1941) and subsequently

by Balla (1957) and, Rowe and Barden (1964) amongst others.

Uniformity and overall reliability of the triaxial test with regard to strain has also
been evaluated using radiography. The radiographic techniques illustrate
relatively homogeneous strain states develop within the sample away from the
ends restraints (Kirkpatrick and Belshaw (1968); Kirkpatrick and Younger

(1970)).

Attention has also been drawn to the confining effects of sample membranes
and, analytical corrections to account for these have been proposed (Bishop and
Henkel (1962); Duncan and Seed (1967)). Also the effect of triaxial testing of
sensitive clay samples with paraffin as cell pressure fluid in order to avoid the
use of sample membranes has been described (lverson and Moum (1974)).

Attempts at using the triaxial cell for testing cohesionless granular materiai at
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extremely low confining stress (0,° = 5 kPa) have involved the application of
analytic membrane and frictional corrections to the measured results (e.g.:-
Ponce and Bell (1971); Fukushima and Tatsuoka (1984)). However, owing to
the uncertainty as to the true low stress level behaviour, one is not sure of the
validity of the corrections. A simplification of the current perception of
membrane/sample and friction/sample interaction effects (e.g.:- Duncan and
Seed (1967) Bishop and Green (1965)) usually results in the assumption of
uniform distribution of apparatus effects on the sample. Experiments at higher
stress levels have illustrated the occurrence of membrane penetration with
granular samples (e.g.:- Molenkamp and Luger (1981); Tatsuoka et al. (1984);
Tatsuoka and Haibara (1985)). Clearly, this effect will occur at low stress
levels and can result in non-uniform stretching of the sample membrane. Hence
the confining effects induced by stretching of the membrane will not be equally
applied to all the grain/membrane contacts, and the strength of the rubber
membrane will give these variations increasing significance as the stress level

decreases.

2.2.1.4 True Triaxial Apparatus

True triaxial testing in which all the principal stresses can be varied
independently is usually carried out on cubical samples. There are three basics
categories depending on the applied boundary conditions. The first category
constitutes strain controlled devices with all rigid boundaries such as the

Cambridge true triaxial apparatus (Hambly (1969); Pearce (1971)). The second
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category constitutes stress controlled devices with flexible boundaries (Ko and
Scott (1967); Arthur and Menzies (1972); Sture and Desai (1979)). The third
category is made up of mixed rigid and flexible boundaries which applies known
displacements in some directions and known stresses in others (Shibata and
Karube (1965); Green (1971); Lade and Duncan (1973)). The relative benefits
and drawbacks of the various types of true triaxial devices have been treated
in detail by Sture and Desai (1979). A similar treatment on the constraints
imposed by rigid and flexible boundary loading on cubical samples has been

presented by Arthur (1987).

The ability to monitor independently the three principal stresses in a true triaxial
device allows the whole principal stress and strain space of a material to be
explored. The ability to change principal stress direction during a test has
enhanced the general understanding of soil behaviour with a more realistic
simulation of insitu stress paths. However, most of the true triaxial testing
devices are mechanically very complex and require special care in the
preparation and placing of specimens. Therefore, these devices are mainly used
as research tools for the development of constitutive equations and
determination of soil properties. The mechanical complexities coupled with the
significance of apparatus constraints diminishes the appeal of the true triaxial

devices for extremely low stress level work.
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2.2.1.5 Plane Strain Biaxial Devices

In plane strain testing the frequently relevant field condition of zero intermediate
principal strain is maintained. A pair of opposite faces of the biaxial apparatus
are prevented from moving whilst stresses are applied on two other pairs of
faces. However, the term plane strain can be considered a misnomer, in that,
the imposition of immobile boundaries at the intermediate principal stress faces
only ensure a zero average strain between the these boundaries and not
necessarily within the sample. The freedom of movement in the direction
parallel to the restrained surface is always ensured by lubricating with an
effective grease, which will allow small straining in the "plane strain direction™.
A consequence of keeping zero intermediate principal strain during the stress
path is generally a variation in the intermediate principal stress. However this
variation is not thought to have any effect on the measured stress ratios at
failure. Hence, the biaxial devices can only serve to check the stress-strain

behaviour of soil measured in more versatile equipment.

2.2.2 Density / void ratio measurement

Laboratory voids ratio measurement of saturated soils has been a straight

forward procedure. An excess part of the sample is weighed, oven dried and

reweighed. These measurements can then be used to work out the moisture

content and the voids ratio.
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However the above standard method requires the destruction of the sample and
a moisture content distribution in the sample would be difficult to obtain. Been
(1981) introduced a nondestructive soil bulk density measurement by X-ray
attenuation. This was achieved by projecting a collimated beam of radiation
towards a soil sample and measuring the proportion of radiation that passes
through the sample with a scintillation crystal and photomultiplier assembly.
The output from this system is a count rate, in pulses per second, that can be
converted to density by experimental calibration, by using soils of known
density in a similar container and geometric configuration to the sample. Apart
from the good accuracy of this method, it also has the advantage of allowing
density measurements during the process of sedimentation, consolidation and

creep.

2.3 Review of measurements of shear strength and density / voids ratio in-situ

offshore.

There are essentially two main systems to place insitu testing tools: through the
drill string or from a tethered sea bottom platform (Poulos (1988), Briaud and

Meyer (1983)). These are illustrated in Figure 2.2.

Either a motion uncompensated string or a stabilized drillstring may be used.
The former is simpler and has the drillstring moving with the boat, so that the
drill bit moves up and down in the hole by an amount equal to the vertical

motion of the boat. Only insitu tools that do not need a controlled vertical push
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can be used, and then only for a vessel heave of up to 3m. Stabilization
involves suppression of the vertical motion of the drillstring with respect to the
bottom of the borehole, and the supply of a reaction force to resist the vertical

thrust of the test device.

Tethered sea bottom are frames resting on the sea floor and connected by
flexible cables to the vessel. They do not provide drilling capability but can

provide up to 200 KN of thrust.

2.3.1 Measurement of shear strength

The most widely used in-situ test techniques are the vane shear test, the cone
penetrometer test, and the pressuremeter test. This section provides a brief
overview of these methods and other less common methods used to obtain
insitu offshore soil parameters and is not intended to provide any further details
since it is beyond the scope of this project and the experience of both the

author and the department he worked in.
2.3.1.1 Vane shear tests (VST).

This test is performed mainly to obtain a value of the undrained shear strength
of cohesive soils. The tools available to perform a VST offshore are the remote
Vane and Halibut (McClelland, Doyle et al. (1971}), MITS (Woodward - Clyde,

Briaud (1980)), Fugro Vane and Lehigh Underwater Tower (Leigh University,

]
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Richards et al. (1972)). Table 2.1 Summarizes the data on these pieces of
equipment. The use of the VST is the limited to cohesive soils but has the
advantage of being the simplest offshore in-situ test, it can be used with motion
uncompensated drill string and the tool itself is simple compared to the cone or

the pressuremeter.

The main use of the VST consists of obtaining an undrained shear strength
profile which will heip the engineer in choosing a design undrained shear
strength profile. Unconsolidated undrained triaxial tests on driven samples and
miniature vane tests on driven samples usually give undrained shear strength
value equal to 3/4 of the in-situ vane values (Quiros et al. (1983)). As a result
the trend has been in the past to use undrained shear strength values
corresponding to 3/4 of the in-situ VST values for design purposes. However
it has been shown recently that the undrained shear strength values from
unconsolidated undrained triaxial tests and miniature VST on 3" pushed
samples are equal to those obtained using an in-situ VST. This has warranted
the use of full in-situ VST undrained shear strength value for design purpose.
It is important to note that these results apply to the McClelland Remote Vane
and cannot yet be generalized until full proof is obtained with other VST

systems.

Generally the VST undrained shear strength values will present less scatter in
the strength profile than those obtained from driven samples, due to sample
disturbance caused by the process of sampling, and therefore, a VST undrained

shear strength profile can be selected with more confidence. However recent
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data supplied by Fugro McClelland indicate the VST can be used to measure
shear strength as low as 1kPa, but there is a large scatter in the results. This
is attributed to the friction in the sleeve of the vane and the accuracy of the
measuring devices, which is significant when measuring these low values.
Bowden (1988) used a modified laboratory shear vane apparatus to study the
shear strength characteristics of a natural silty clay sedimented in the
laboratory. He reported that the accuracy of vane shear strength measurement
in his experiments was less important than their precision because the objective
was to study the relative influence of experimental conditions and time on shear
strength and its development. Using consistent procedure, the precision of
torque measurement was 0.1 Nm or, equivalent, a shear strength of £4
N/mm?. Residual and peak strengths were of the order of 10 to 80 and 60 to

500 N/mm?, respectively.

2.3.1.2 Cone penetration test (CPT)

The cone penetration test can be used to obtain continuous profiles with depth
of cone point resistance, sleeve friction and, in more recent devices pore
pressure. The tools available to perform a CPT are String or tethered mode
(Briaud (1980)), and Swordfish (Meyer et al. (1982)), Wison Ill in drill string
anchor or seabottom reaction frame mode (Ruiter (1975)), Seacalf (Briaud
(1980)), LUT (Richards et al. (1972), MITS (Briaud (1980)) and XSP-40 (Beard
and Lee (1982)). Table 2.2 summarizes the data on these pieces of equipment.
The measurement of point resistance and pore pressure includes the hydrostatic

pressure and the soil response; for deep water testing compensation for
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hydrostatic pressure is a must in order to obtain accurate values for the soil
response itself. Recent data supplied by Fugro McClelland indicate the CPT can
be used to measure shear strength as low as 1kPa, but as with the CPT there
is a large scatter in the results, which are attributed to the selection of empirical
factors to calculate shear strength and the accuracy of the measuring devices,
which is significant when measuring these low values. The CPT can only be
used with a well stabilized drill string or a tethered sea bottom platform; this

makes its use more cumbersome than the VST.

One essential use of the CPT results is to accurately define stratigraphy. For
example the exact thickness of a sand layer at depth can be obtained with
accuracy from the point resistance profile; the strength and thickness of that
layer may be critical for pile capacity and pile driveability. Also, the friction
ratio (skin friction/point resistance), and pore pressure response in the case of
the piezocones can be used to classify the soil penetrated (Briaud et al. (1982),
Marr and Endley (1982) and Schmertmann (1978)) and provide a complement
to laboratory classification. Undrained shear strengths of clay can be computed
using the data provided by the CPT by using formulas and empirical factors
determined from correlations (Briaud et al. (1982), Marr and Endley (1982) and
Schmertmann (1978)). Dynamic pore pressure profiles are not commonly used;
however they generally indicate stratigraphy with even greater precision than
the point resistance profile; also the magnitude of the excess pore pressure
profile is an indication of the permeability and density of the soil. The point
resistance value can also be used to estimate the relative density of a sand

(Schmertmann (1978)). In many cases it is difficult to obtain undisturbed sand
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samples in the laboratory testing and therefore obtaining the relative density
using the point resistance values may be the only way of estimating the relative

density which is a key factor in liquefaction studies.

The wide use of cone penetrometers has simulated extensive research into
quantitative interpretation of the data to obtain geotechnical design parameters.
Useful reviews of procedures for cone test data interpretation are given by
Schmertmann (1978), De Ruiter (1981), Lunne and Christoffersen (1983),

Briaud and Meyer (1983), Wroth (1984) and Jamiolkowski et al. (1985).

A similar laboratory device is that of the fall cone test, used as a British
Standard to obtain the liquid limit for clays. Alteration of the weight of the
cone and the fall distance could allow this device to be used to obtain

undrained shear strengths for clays at a variety of stress levels.

2.3.1.3. Pressuremeter test (PMT)

The pressuremeter test has been used offshore for a number of years and is
gaining acceptance as a valuable in-situ device for marine applications. The test
involves expansion of a cylindrical probe into the surrounding soil in a borehole
and measurement of the pressure necessary to expand the probe and the
change in probe volume or diameter. The PMT has not been used routinely in
offshore investigations, however three tools are now available; the Pushed In
Pressuremeter or P.I.P. ((Reid et al. (1982)), the WIireLine Expansometer or

WILE (Legier (1982)) and the Pressiometer Autoforeur Marine or PAM (Brucy
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et al. (1982)). Table 2.3 summarizes the data on these pieces of equipment.
Pressuremeter probes are complicated pieces of equipment: the pressure in the
probe includes the hydrostatic pressure in the borehole and the soil resistance,
the PMT probe must be pressure compensated for an accurate measurement of
the soil resistance when testing in deep waters. Data obtained using the PMT

allows the prediction of: in-situ horizontal stresses of the soil, undrained shear
strength of clay (although the undrained shear strength obtained has
consistently been found to be greater than the corresponding values obtained
from the vane test), the penetrometer test and the plate boring test (Wroth
(1984}, Mair and Wood (1984)), the shear modulus or Young’s modulus of clay
from the unload - reload portion of the pressure - volume curve (Palmer (1972),
Ladanyi (1972), Baguelin et al. (1972), Wroth (1984)) and the determination of

the friction angle of sand (Hughes et al. (1977)).
2.3.1.4 Other tests

A variety of tests other than the three discussed above have been employed to
obtain qualitative or quantitative information on submarine soils. These tests
include both geophysical and mechanical tests, and some of these are

mentioned briefly below.

BOREHOLE LOGGING
Natural gamma logging involves the measurement of the level of natural
radioactivity in the soil and therefore soil profile from established relationship.

Once a borehole is completed, the probe is lowered to the bottom of the
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drillstring and logging takes place while the probe is raised at a constant
velocity. Two uphole logs of the same hole require about two hours to run (

Briaud and Meyer (1983)).

Other techniques include neutron measurements for determination of soil
porosity, and gamma backscattering for determination of the bulk density of the
soil. These methods require radioactive sources and are therefore costly and
demand special precautions. Furthermore, the unknown annular space outside
the drilling pipe reduces the accuracy of the porosity and density determinations

(Andersen et al. (1979)).

SEISMO-ACOQUSTIC TECHNIQUES

Relationships between seismo-acoustic propagation phenomena and
geotechnical properties of soils have been derived using the theory of Biot
(1956) (Hampton (1974), Taylor Smith (1983)). As reported by Poulos (1988),
geophysical techniques, through the measurement of seismic wave velocity,
electrical formation factor and acoustic impedance, allow definition of the
sediment boundaries and their lateral distribution. Pockets of gas clearly show
on the record, and thin clay layers are often identifiable on the basis of the
phase relationships of the returned signals. In addition, similar data can be
obtained from downhole, crosshole and inhole borehole measurements. Of
particularimportance is the shear wave velocity, which is essentially dependent
on the stiffness of the soil skeleton and its variation with depth. The main
engineering properties which can be deduced from seismo-acoustic

measurements areshear modulus, one-dimensional consolidationcompressibility
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and permeability.

PLATE LOADING TEST

The main purpose of plate load tests is usually to determine both soil stiffness
and bearing capacity by fitting the measuring load-deflection behaviour to
simple theoretical solutions for settlement and bearing capacity of a footing.
Anderson et al. (1979) reported such tests being carried out at three locations
in the North Sea, using the Seacalf system to load the plates. The main
limitation of the plate load test is that it only tests the soil to a depth of 1 to 2
diameters below the plate. Hence, to obtain a vertical profile, plate tests need

to be carried out at variety of depths which may prove to be very costly.

2.3.2 Density / void ratio measurement

As described in the above section density / void ratio measurement can be
deduced from some of the in-situ tests. However a more accurate method has
been developed recently, using the fact that the device is in direct contact with
the soil and indirect interpretation of result is not required, as reported by Tjelta
et al. (1985). A nuclear density device can be used to measure directly during
penetration the in-situ density of saturated soils as well as being used as a CPT
as described above. A radioactive source and radiation detector are built in a
cone shaped probe with an effective area of 1500 mm2. The nuclear density

probe can assess directly the soil mass which is penetrated with standard cone
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penetration methods and equipment. During penetration the in-situ density is

continuously recorded.

2.2 Reasons for extension of shear strength stress level testing range.

There are a number of situations in which engineers need to know the shear
strength of soil from the seabed down to around 5m below, these include
potential slope instability (natural, dredged and ploughed), scouring adjacent to
pipe lines or gravity platforms, and penetration of jackup legs, platform skirts
and piling templates). A fundamental understanding of the behaviour of soil at
these ultra low stresses and how this behaviour relates to the behaviour of soils
in higher stress ranges familiar to engineers is essential for offshore

construction.

Conventional laboratory testing devices can only be used at relatively high
effective stresses (above 25 kPa, Section 3.3). Apparatus interaction, sample
disturbance and handling have been the obvious constraints at these low stress
levels. Measurement of shear load and pore pressures are also of great
difficulty at even lower stress levels due to inaccuracy of measuring devices at

this range.

Methods have been developed to assess the behaviour of soils at low stress
levels and reduce sample disturbance. The "SHANSEP" procedure of Ladd and
Foot (1974), invoives reconsolidating the sample to stresses well in excess of

in-situ values, but retaining the same overconsolidation ratio and effective
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stress ratios. Provided that the soil exhibited normalised behaviour, the soil
properties at the in-situ stresses could be determined. However as concluded
from this research the behaviour of clay at low effective stress levels is

markedly different and the "SHANSEP" method would be inappropriate.
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Depth Below Opera-
Years In  Water Depth [ft] Seafloor (ft] tional Vessel

Table 2.1

Hama Operation DOesian  Actual Desian Actual Method(2] Type
Femota Vane 11 5000 1500 - (11 1500 MUDS/ Any drilld
SO0S  ing vessel
Halibut 6 5000 800 25 25 TSP Any ocean+
ographic
or drill-
ing vessel
Lehigh Under-
watar Towér 15 12000 12000 10 10 TSP Any ocean+
ographic
or drill-
ing vessel}
MITS 4 16G0 500 20 20 TSP Any ocean+
ographic
or drill-
ing vesse
Fugro Vane 3 1000 409 (1l 85 MUDS/  Any drill4
SOS ing vessel

NOTES: {17 included in design water depth.
(2] MUDS - Motion Uncompensated Orill String
SDS - Stabilized Drill String
TSP - Tethered Seabottom Platform
[3] Can be used on any drilling vessel if seafloor
reaction frame is not required.

Currently available vane equipment (Briaud and Meyer (1983))
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Depth Below Opera-
Years In  wWater Depth [ft] Seafloor [ft]l ional Vessel
Hama Operation Desian Ac:uzal DOesiagn-dctual Mzthed(21Type
pIpP 3 1000 320 1l 400 SOS  vessel with
moonpaol {33
WILE 3 1000 650 1] 15 SOS  Vessel with
moonpool
P AM 2 3300 370 200 100 TSP Supply boat
or large
oceanograph-
ic vessel

HWOTES:

('] included in design water depth.
[2] MUDS - Motion Uncompensated Orill
SDS - Stabilized Orill String

TSP - Tethered Seabottom Platform
(3] Can be used on any drilling vessel if seafloor
reaction frame is not required.

Table 2.2

(Briaud and Meyer (1983))
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Depth Below Qpera-
Years In  Water Depth (ft] Seafloor [ft] ional Vessel
Name  QOperation Desian  Actual Desian-Actual iethod Type
Stingray,
Downhale
Qs-CPT [ 2500 1200 600* 600 SDS  Vassel with
moonpoot
Stingray,
Shallow
Qs-ceT 4 2500 1200 100 100 TSP Vessel with
(4] Acorpool
Wison II1
w/Drill
String :
Anchor 4 2100 1000 (1] 800 SDS  Any driil-
tn ing vesseal
Wison III
w/Seaclam 2 2100 650 (1] 330 SDS  Vessel with
moonpog]l
Swordfish 1.5 1800 100 (31 300 SDS  Any driti-
(1] ing vessai
Seacalf 10 2100 740 100 100 TSP Vessal with
(4] moonpooi
MITS 4 1600 500 20 20 TSP Any oceano-
graphic or
drilling
vessei
XSP-40 1.5 200 100 20-40 38 TSP Any oceanc-
araphic or
drilling
vessel

HOTES: (1] Combined water depth and penetration is dependent on
umbilical length,

(21 SDS - Stabilized Orill String
TSP - Tethered Seabottom Platform

(31 Dependent on drilling capability.

(4] Depends on s0il type and strength.

Table 2.3 Currently available cone penetration equipment

(Briaud and Meyer (1983))
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Sea-hottom Platform Orill String

Figure 2.2  In-situ testing systems (Poulos (1988), Briaud and Meyer (1983))
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CHAPTER 3

RESEARCH STRATEGY AND THE BEHAVIOUR OF CLAY UNDER SHEAR

3.1 Introduction

Application of shear loads in determining the strength characteristics of soil has
been common practice since 1940’s, and since then many versions of shear
testing apparatus have been in use for the determination of design parameters
(see Chapter 2 for review of apparatuses). The range of effective stresses
involved in such apparatuses are also relatively large and appropriate to most
common engineering structures. These devices are however unsuitable for use
when testing very soft clays with very high voids ratios incorporating large

moisture contents sometimes well above their liquid limit.

In search of an appropriate testing apparatus a direct shear box and a simple
shear apparatuses were modified to operate at low stress levels (5 kPa) as the
samples are short and stable which make them especially suitable for very soft
clays. However, tests could not be performed on samples at lower stresses in

these apparatus and a new technique was required.

The work carried out by Arthur et al. (1987) on tilting sand beds in a tray
inspired the idea of a similar technique for clay. Tilting a clay bed under water

in tanks was adopted and tilting tanks were built and continuously modified as
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described in Chapter 4.

This chapter reviews the preliminary development of the tilting tanks, the

research strategy and the behaviour of clay under different testing conditions.

3.2 Preliminary development of technique

The preliminary development of the tilting tanks was carried out by Zadeh-
Koceh (1989) at University College London. As mentioned above the idea was
taken from similar tests carried out on sand by Arthur et al. (1987). Figure 3.1
outlines the final arrangement of the tanks achieved by Zadeh-Koceh. He found
that it was possible to simulate the conditions of suspension, sedimentation,
consolidation and creep in the tilting tanks. This had already been established
by Been and Sills (1981), however he went a step further using infinite slope
analysis to estimate the shear strength of the Kaolin clay by tilting the tanks to

failure.

Initially the tests were carried out in rectangular glass tanks of various sizes to
investigate the effects of varying boundary conditions. Several widths (100mm
and 200mm), lengths (500mm and 1000mm) and 800mm deep were used and
the sample height was also varied (20mm and 40mm as a result of the amount
of dry Kaolin powder mixed for each tank). He observed that the behaviour of

Kaolin was not affected within the above dimensions. The angles of tilt at
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failure after one day after sedimentation agreed with values of ¢ * published in
other work. However he observed an increase in ¢ ~ with increase of period of
sedimentation which he attributed to creep although there was no significant
decrease in the voids ratio. This is in contradiction to the work carried out in
this research (Chapter 6), as the angle of tiit at failure for normally consolidated
Kaolin remained constant and was only dependent on the rate of tilting. The
observation made by Zadeh-Koceh (1989) is believed to be incorrect as he did

not standardise the rate of tilting of the tanks.

Zadeh-Koceh (1989) also considered other variations, increasing the effective

~ stress by raining a layer of coarse sand on top of the clay bed after 24 hours

of sedimentation, varying the water composition by adding salt at a
concentration of 35grms/litre to imitate sea conditions and using distilled water.
For all these variations he found that the shear behaviour of the clay did not
change. Although the addition of salt resulted in a decrease in the
sedimentation rate the final voids ratio was the same as that achieved using

London tap water or distilled water.

The tanks used by Zadeh-Koceh (1989) were very fragile as they were made
from glass, sealing of the tanks was very difficult and was not comprehensive

The permeable layer arrangement at the bottom of the tanks was very
primitive so that further consolidation by downward seepage was not possible.
Furthermore the tilting procedure was rough and inaccurate. This lead to

necessary modifications as explained in Chapter 4.
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3.3 Research strategy and the possibility of relating new technique resuits to

conventional results

The aim of this work is to investigate the shear behaviour of clay at very low
stress levels. These have not previously been studied because existing shear
apparatuses are not suitable to record very small shear stresses and pore
pressures and it is difficult to handle the clay samples at very high moisture
contents, sometimes well above their liquid limit. Most of the data available in
the literature describe the behaviour of clay at stress levels 3 to 4 orders of
magnitude higher than those encountered in the tilting tanks (0.05kPa). In
conventional laboratory soil testing apparatuses capable of recording effective
stress behaviour and with known principle stress orientations, the lowest stress
levels recorded in the literature, is that of tests performed by Lacasse et al.
(1985) in the triaxial apparatus at a consolidation stress of 25kPa. However
the purpose of their research was to investigate the quality of block sampling
compared to the quality of the 95mm fixed piston sampler and no importance

was given to the stress level.

The credibility of the tilting tanks in determining the shear behaviour of clay has
to be established by comparing the results obtained in the tanks to those
obtained in conventional shear apparatus. Inevitably any low stress
phenomenon which might be encountered in the tilting tanks has to be
confirmed in a conventional testing apparatus. This lead to modifications being

necessary on both the conventional direct shear and simple shear apparatuses,
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as described in Chapter 4, allowing tests to be performed at a stress level as

low as 5kPa. The table below shows the ranges that were covered by other

researches and the ranges that can possibly be covered in the tilting tanks and

the modified direct shear and simple shear apparatuses.

e m———————————————

Stress level (kPa) Apparatus Researches
0.05 - 0.15 Tilting tanks Author
5-50 Direct and simple shear Author
25-1000 Triaxial and simple shear Lacasse et al.(1985)
80-800 Simple shear Borin (1973) etc.
600-1000 True Triaxial Pearce (1970) etc.

The testing conditions in the tilting tanks have to be mimicked in the direct

shear and simple shear apparatus:

In the tiiting tanks, as the angle of tilt

increases the shear load is increased due to the buoyant weight of the clay

acting parallel to the clay bed; consequently the test would need to be load

controlled. The rate of tilting will also govern the rate of load application and

therefore similar rates should be used when performing tests in the direct shear

and simple shear apparatus. Finally the clays to be tested should have known

shear strength properties which have been reliably measured by other

researchers.
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The work carried out by Zadeh-Koceh (1989) on the tilting tanks was related
to conventional methods of testing soil in order to establish the suitability of the
new apparatus. Well researched clays with known shear properties were tested
in the tanks so that the shear properties of these clays can be compared
directly. Zadeh-Koceh carried out tilting tests on Speswhite Kaolin and obtained
values of the angle of tilt at failure of 23° after one day of sedimentation and
26° after 14 days of sedimentation and thereafter. The procedure of the test
assumes that the clay in the tank exhibits an infinite slope of constant thickness
throughout and therefore the angle of tilt at failure, considering a drained
situation as the void ratio of the clay is very high (6) and pore pressure
measurement indicated no significant increase during tilting, would represent

-’

the effective angle of shear resistance, @ °. The values of @ ° obtained in his
research agreed well with values obtained on the same clay by others in
conventional apparatuses at much higher stress levels. Data for the same clay
tested in the Cambridge Simple Shear Apparatus and in the Cambridge True
Triaxial Apparatus give ¢~ as 22.5° and 23° respectively for mean normal
stress levels from 80kPa to 600kPa (Borin 1973 and Pearce 1970). As
mentioned above the increase in ¢  after one day of sedimentation was
attributed to creep, but this will be shown by the author to be a thixotropic

phenomenon only occurring at these very low stress levels and only made

intelligible by varying the rate of tilting (Chapters 6 and 7).
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3.4 Fundamental behaviour of clay under shear

3.4.1 Introduction

The behaviour of clay under shear loading has been of a considerable interest
in the past 60 years; many researchers have tried to observe, understand and
model this behaviour using different methods and testing techniques. The rest
of this Chapter investigates the shear behaviour of clay observed by other

researches using different methods and techniques.

3.4.2 Effect of rate of shear

The effect of rate of shear on clay has been investigated by many researches;
comments and conclusions have been made on both total and effective stress
behaviour. Most of the researches have studied the effect of rate of shear on
the undrained behaviour of clay, as drained tests have to be performed at a very

slow rate to ensure no excess pore pressure development.

Bjerrum et al. (1958) carried out a series of drained and undrained triaxial tests
with pore pressure measurements using marine clay from Fornebu, Oslo,
covering widely differing rates of loading and consolidation pressure ranging

between 100 and 400kPa. They showed that the undrained shear strengths
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decreased with increasing time to failure, and that this decrease cannot be
explained solely by the observed increase in pore pressure at failure with time.
They deduced that it must be a result of a reduction in the true cohesion and/or
the true angle of internal friction, with increasing time to failure. However for
the drained tests the drained strengths appear to be independent of the
different rate of loading adopted in their investigation (1.3%/hour to
0.034%/hour) and therefore measured a unique effective strength parameters
regardless of the rate of loading. They suggested that the reduction in the true
cohesion and/or the true angle of internal friction with time, which was shown
by the undrained tests, is compensated by an increase in drained shear
strength, due to the decrease in water content, resuiting from secondary time

effect during the shear tests.

Vaid and Campanella (1977) carried out a series of triaxial tests to investigate
the influence of rate of deformation on the undrained stress-strain and strength
characteristics of an undisturbed normally consolidated saturated marine Haney
clay at a consolidation stress of 515 kPa. The types of tests they performed
consisted of conventional constant rate of strain shear, constant stress creep
(the applied load is continuously adjusted as sample area changes and resuits
in a continuously decreasing deformation rate that is later followed by an
accelerating deformation rate to rupture if the stress level is high enough),
variable stress creep, and constant rate of loading shear (the applied stress is
actually decreasing as the sample area increases) among others. They

concluded that increase in strain rate resulted in stiffer undrained stress-strain
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response and higher undrained strength; however in contradiction to Bjerrum et
al.(1958) they observed no effect on the effective stress behaviour at failure

as a result of the load or strain rate (i.e. @, ¢ ).

Crawford (1959) carried out strain controlled consolidated undrained
compression tests with pore pressure measurements on undisturbed sensitive
marine clay (Ilp = 39%) using time to failure varying between 6 to 600 minutes
at a consolidation stress between 200 and 600 kPa. He found that the
undrained shear strength varied linearly with log time and in terms of effective
stress he observed that the angle of shearing resistance increased from 17.5°
to 23° as the strain rate decreased while the cohesion intercept decreased at

the same time.

Richardson and Whitman (1963) carried out a series of strain controlled
undrained compression tests with pore pressure measurements on saturated
remoulded fat clay (Ip = 38%). They found that the peak resistance in terms
of total stress increased about 10% in passing from slow tests 0.002%/min.,
to the fast strain rates, 1%/min.. They explained this observation on the
suggestion that at the faster rates of strain, adjacent soil particles find it more
difficult to move relative to each other, and therefore tend to ride over one
another unless constrained by an increase in effective stress. Thus the effect
can be thought of either an increased resistance to compression or an increased

tendency to dilation.
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Nakase and Kamei carried out a series of K,-consolidated undrained triaxial
compression and extension tests on three cohesive soils under different strain
rates using a consolidation stress of 392 kPa. They concluded the following:
.The maximum principal stress difference and axial strain at failure increase with
increase of strain rate. The magnitude of excess pore pressure, both in
compression and extension tests, at the same strain is found to be smaller as
the strain rate increase in the case of plastic clay. They also observed that the
slope of the critical state line for triaxial compression is not the same as the
slope for triaxial extension, however, the values do not vary significantly with
the strain rate. This result agrees with that reported Richardson and Whitman
(1963) and the suggestion made by Schofield and Wroth (1968) that the final
state of soil specimens flow as a frictional fluid at constant volume on the

critical state line irrespective of various conditions.

3.4.3 Effect of secondary or delayed compression (creep)

It has been known for some time that a clay which has never undergone a
reduction of overburden pressure may nevertheless exhibit behaviour closely

resembling that of overconsolidated clay.

Bjerrum (1967) showed that the compressibility characteristics of a clay
showing delayed consolidation cannot be described by a single curve in an e-log

p diagram but require a system of lines or curves (Figure 3.2). Each of these
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lines represents the equilibrium voids ratio for different values of effective
overburden pressure at a specific time of sustained loading. Consolidation tests
have shown that the system of lines is approximately parallel (Taylor (1942),
Crawford (1965)), indicating that the rate of delayed consolidation is about the
same throughout a homogeneous deposit or, as the lines are actually slightly
curvéd, it decreases slightly with increasing overburden pressure. He observed
that there is a un'ique relationship between voids ratio, overburden pressure and
time (Figure 3.2). This means that to any given value of overburden pressure
and voids ratio there corresponds an equivalent time of sustained loading and
a certain rate of delayed consolidation, independent of the way in which the
clay has reached these values. In Figure 3.2 an additional curve, obtained by
Bjerrum, is shown representing the undrained shear strength that can be
mobilized at a given voids ratio for Drammen clay. Bjerrum concluded that
there exists a unique relationship between undrained shear strength and voids
ratio; where the undrained shear strength increases as the voids ratio decreases
at constant overburden pressure and hence behaves as an overconsolidated

clay.

3.5 Thixotropy

The term thixotropy was introduced in 1927 by Peterfi (1927) and used by
Freundilch (1935) to describe the well known phenomenon of isothermal,

reversible gel-sol transformation in colloidal suspension. Burgers and Scott-Blair
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(1948) define thixotropy as a "process of softening caused by remoulding,
followed by a time dependent return to the original harder state”. Mitchell
(1960) redefined thixotropy as an isothermal, reversible, time-dependent
process occurring under conditions of constant composition and volume
whereby a material stiffens while at rest and softens or liquifies upon

remoulding.

Very little research has been carried out to investigate the thixotropic behaviour
of clays and the available literature is insufficient to allow quantitative
conclusion to be drawn. The measurement of thixotropic properties of a
material is influenced by the testing techniques. Therefore only load control
tests could quantify thixotropy as the displacement control tests would resuit
in remoulding of the samples during the shearing process, and destroy part or
all the thixotropic strength depending the displacement rate (Section 6.2). This
explains why Zadeh Koceh (1989) observed an increase in the angle of tilt at
failure (Section 3.2). As will be illustrated in Chapter 6, thixotropy is a low
stress phenomenon, it apparently disappears as the consolidation stress
increases beyond a certain level, and it is unique for each type of clay.
However most of the research carried out on thixotropic characteristics of clay
has been performed at either stress levels which were much higher than the
limit where thixotropy ceases to exist as measured in this research programme;
or the samples were prepared at moisture contents which are too low for
thixotropy to exist or normal consolidation to be possible without further

loading. The following is a review of available work carried out by other
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researches on thixotropic behaviour in clays.

Skempton and Northey (1952) illustrated the properties of purely thixotropic
material as shown in Figure 3.3. In its undisturbed state the material has a
shear strength of value c. When tested at the same rate of shear immediately
after remoulding the shear strength is reduced to a value c,. If the material is
then allowed to remain under constant external conditions and without any
change in composition, the strength will gradually increase, and after a
sufficient length of time the original strength ¢ will be regained. By means of
the laboratory vane apparatus (Skempton and Bishop (1950)) Skempton and
Northey (1952) tested three clays at water contents approximating their liquid
limits and obtained the results shown in Figure 3.4. They reported that Kaolin
shows almost no thixotropy and illite shows only a small effect. In contrast,
the bentonite shows a remarkable regain at very short time intervals. It is not
possible to suggest an upper limit for this material since the strength continued
to increase throughout the experiment. They concluded that thixotropic

strength regain decreases with decreasing water content below the liquid limit.

Seed and Chan (1957) performed a series of load control triaxial tests on
samples of silty clay (Liquid Limit = 37, Plastic Limit = 23) compacted to a
diameter of 1.4", and a height of 3.5" using the Harvard miniature compactor.
They concluded that thixotropy can cause substantial changes in strength in
some compacted clays, as it does in saturated clays, and may have significant

effect on the strength of these soils tested after a period of storage, under
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conditions of slow increase in stress or under conditions of repeated stress
application. They also observed that samples of the same age tested with a
slower rate of loading have a greater thixotropic regain following deformation
and ultimately exhibit a higher strength than those tested with faster rate of
loading. Although a very slow rate of loading would allow thixotropic strength
to redevelop, their results are not conclusive as they performed very few tests
over the range of loading rates and did not cover very fast rates of loading
which would have been sufficient to measure the thixotropic strength (Section
6.2). Furthermore, Seed and Chan (1957) found that in compacted soils the
influence of thixotropy appears to be significant at high degrees of saturation
resulting in some cases in a strength increase of 50%. This increase in strength

reduced as the degree of saturation decreased.

Mitchell (1960) proposed a hypothesis for thixotropic behaviour based on the
initial non-equilibrium of interparticle forces after remoulding or compaction, and
the effects of this non-equilibrium on subsequent structure changes within the
soil. He also performed a series of triaxial compression tests on compacted
silty soil from Vicksburg, Mississipi (LL = 39%, PL = 25%) to investigated this
thixotropic behaviour. He subsequently concluded that the experimental results
were in good agreement with the proposed hypothesis. Mitchell (1960) also
observed that thixotropy is a process which is completely reversible, and for the
soil tested chemical effects appear minor. He also commented on the effect of
thixotropy on one dimensional compression compressionis to raise the pressure

void ratio curve (i.e. a higher voids ratio for the same consolidation stress).
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Utomo and Dexter (1981) investigated the effect of ageing on the strength of
three remoulded agricultural top clay soils at the water contents at which tillage
operations are usually performed (close to their plastic limit). Three different
types of soil strength were investigated: penetrometer resistance, tensile
strength and compressive strength. They observed that for the Urrbrae soil, in
which the dominant clay minerals are illite and kaolinite, the maximum
thixotropic strength ratio was obtained at a water content just below the plastic
limit. For the Strathalbyn soil, which contains illite and actinolite, and the Waco
soil, which contains montromorillonite, the maximum thixotropic strength ratios
occurred at water contents between the plastic and liquid limits. In the
author’s opinion this may have been an inaccurate observation as their method
of sample preparation would have produced overconsolidated samples resulting
in higher strength. They aiso observed that these characteristics and
thixotropic strength measurements were still apparent after sterilization and

removal of organic matter.
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Osipov et al. (1984) studied the characteristics of microstructural changes
associated with thixotropic phenomena using soil samples of variable dispersion
and mineral composition. Their experiments were performed using an electron
scanning microscope, for microstructural changes, and a rotary viscometer on
reconstituted paste samples. The samples were prepared at moisture contents
ranging from 0.8W, to 2.2W_ where W, is the moisture content at the liquid
limit. In this state the samples had a typical coagulation structure characteristic
of the majority of modern and poorly lithified clay soils. From the results
obtained they concluded that the clay deformation occurs over a limited
volume-in the shear zone. It is attended by a marked changes in the soil
microstructure in this zone: i.e. a decrease in the size of the microaggregates
and the diameter of the predominate pores, a decrease in the density of the
system, and an increase in moisture content. These microstructural changes
are directly related to the value of the maximum and minimum shear strengths
of the soils. Itis important to note that, under shear, for the system composed
of smail sized particles (generally less than a micron meter, montmorillonite) the
deformation in the shear zone is volumetric in character, and does not lead to
disruption of structural continuity (shear planes). It is obvious that the
mechanism of deformation in such systems is relaxational or thixotropic, i.e. the
microstructure forming cells are ruptured at shear, and at the same time are
instantaneously restored, without forming a linear defect in the structure. In
coarser dispersed clayey soils (kaolinite), in addition to the microstructural
changes described above, the microaggregates in a shear zone become oriented

along the direction of shear stress and local shear planes develop, along which
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the orientation of structural elements is particularly marked. For these soils
during shear therefore both volumetric deformation and local disruption of the

structural framework occur along developing shear planes.
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CHAPTER 4

APPARATUS

4.1 INTRODUCTION

Three major pieces of apparatus were used in this research in order to assess
the shear behaviour of clay at low and very low stress levels. Of these, two
were conventional, namely the Direct Shear Apparatus (DSA) and the Simple
Shear Apparatus (SSA). Both the DSA and SSA were modified to suit the low
stresses (5 kPa) used in this project. The third type of apparatus was a set of
tilting tanks. The purpose of these tilting tanks was to assess the shear
behaviour of the clay at stress levels (less than 1kPa) that were not attainable
in the DSA and the SSA. The tilting tanks were built for three types of tests;

infinite slope failure, shear cylinder tests and tension tests.
A BBC Master micro-computer was used for data acquisition processing and
control of the DSA and the SSA experiments. The role of the computer and

data acquisition accuracy will be discussed in section 4.4.

This chapter describes each apparatus in detail and assesses their accuracy.
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4.2 THE DIRECT SHEAR APPARATUS

The shear behaviour of clay was found to depend upon the manner of load
application (Chapter 7). Accordingly, the DSA was modified to perform two
types of tests; boundary displacement control and load control. The following

sections describe the two versions of the DSA.

The effect of the shape of the sample on the test results was also of concern
and subsequently both square and circular shear boxes were used. Figure 4.1
shows the details of the DSA. A 60mm by 60mm square shear box of 50mm
height was used conforming with the conventional 60mm x 60mm square
section shear box normally used for soil testing, (Jewell and Wroth, 1987). An
80mm diameter circular shear box of 50mm height was also used to give direct,
parallel comparison with the MNorwegian Geotechnical Institute (NGI)
conventional SSA. This also allowed NGI clay trimming apparatus to be used
with a 32mm sample height. The NGI trimming apparatus was modified for the
square sample. The short stable dimensions of the samples make them
especially suitable for very soft clay. The extra depth of the shear boxes

allowed the sample to be immersed in water to prevent drying.

4.2.1 Boundary Displacement Controlled DSA

The boundary displacement controlled DSA involved forcing the bottom part of

the shear box to displace relative to the top part of the shear box in the

horizontal plane at a chosen rate of displacement, the rate of displacement

varying between 2mm/minute down to 0.0Tmm/minute. The consequential
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shear force, horizontal and vertical displacements and generated pore pressure

were recorded.

A standard Wykeham Farrance DSA was modified to operate at low stress

levels, see Figure 4.1. These modifications are described below.

Both the square and the circular shear boxes were lined with
polytetraflouroethylene (PTFE) sheet on the inside walls to reduce the friction
so that the applied vertical stress was uniformly distributed during the final

increment of consolidation in the shear apparatus.

The problem of soft clay squeezing out through the horizontal split in the box
sides ruled out the possibility of creating a gap between the top and bottom
parts of the shear box, as performed in the conventional DSA apparatus on
sands or on stiff clays. This was solved by lining the adjacent faces of the top
and bottom parts of the boxes with thin PTFE sheet (0.1mm thickness), to
minimise the friction between them during the shearing process. The friction
between the two parts of the shear box was measured by applying vertical
loads, equivalent to the vertical stresses used in the testing programme, directly
onto the shear box and displaced at the same displacement rates used when
testing the soil. Although a small fraction of the vertical load would be
transferred onto the shear box when testing a soil, very low (1%-2% of the
equivalent vertical stress) shear stresses were measured and no adjustment to

measured shear resistance of the clay was necessary.

A series of tests were carried out on dense Leighton Buzzard sand, both with

and without a gap, at the same vertical stress levels required for the clay
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(5kPa). The results show (see Figure 4.2) that the PTFE lining did not have a
significant effect on the test results as the results obtained in these tests (¢~
= 45°) were in agreement with results obtained in the DSA on Leighton
Buzzard sand by other researchers such as Arthur and Assadi (1977),

@ = 45.5°.

The PTFE lining also served another purpose, it prevented the Aluminium shear
boxes from corroding in the areas of importance as the boxes had to be
immersed in water 24 hours prior to the test (for last increment of

consolidation) and also during the test.

Dalili (1990) had developed a pore pressure measuring device consisting of a
hypodermic needle with a Druck transducer fitted on the end. This was
incorporated and sealed into the shear box at the centre of the base. The de-
airing was carried out by applying a vacuum to one end of the needle and
allowing de-aired water to flow through the needie and then connecting the
needle to the transducer. The de-airing process was carried out in de-aired
water, ensuring the transducer diaphragm was free of air bubbles. The tip of
the needle was adjusted so that the pore water pressure could be monitored
any where within the sample (for instance at the centre, between the top and
bottom parts of shear box or 2mm above or below that). Figure 4.3 and Plate
4.1 shows the arrangement of the needle with the Druck transducer, Figure 4.1
show its position in the DSA and Figure 4.4 shows the resuits of pore pressure
for three fast displacement controlled tests (2mm/min.) at different positions in
the sample. Table 4.1 provides the specifications of the Druck transducer and
Figure 4.5 shows the calibration line for the transducer together with the needle

connected to it.
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A horse-shoe type load cell was designed and built at UCL in order to measure
loads as low as O.1N, so that the shear resistance of the clay could be
measured with reasonable accuracy (+ 2% of 1kPa) at the required low stress
level (5 kPa). Figure 4.1 shows the details of the load cell position in the DSA
apparatus in place of the conventional proving ring. Table 4.1 provides the
specifications of the load cell and Figure 4.6 shows the calibration line for the

load cell.

Three Linear Variable Differential Transducers (LVDT) were used to measure the
horizontal and vertical displacements. Figure 4.1 shows the positioning of each
LVDT. One was used to measure the horizontal displacement and the other
two were used to measure the overall deflection of the top platten and the
tilting of the top platten during the shearing process. Table 4.1 provides the
specifications of the LVDTs transducer and Figure 4.7 shows the calibration

lines for the LVDTs.

The displacements and rates of displacement were controlled by an electronic
stepper motor fitted to the driving gear box on the conventional DSA. This
provided very accurate incremental displacements. One step produced
0.001mm displacement and test rates would be varied from 10 steps/min to

2000 steps/min.
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4.2.2 Load Controlled DSA

The load controlled DSA involved the application of a shear load in discrete
increments (10% of expected failure load per day) across the horizontal plane
between the top and bottom parts of the box. The consequential horizontal and

vertical displacements, and in some cases pore pressure, were all recorded.

For the load control DSA, the same shear apparatus was used as for the
displacement controlled DSA. However, the modifications described in the
following paragraphs were necessary in order to change from displacement

control to load control (see Figure 4.8).

Instead of applying a displacement, a weight was added in increments to a
hanger which was connected with a string to the arm of the top part of the
shear box over a pulley. The friction in the pulley was negligible as the
measured load by the load cell was equal to the applied load. A counter
balance weight on an adjacent hanger was used to provide equilibrium and

accuracy of load application.

Measurements of load, pore pressures, displacements and data acquisition were

performed using identical equipment used to that in the displacement controlled

shear apparatus, as described in section 4.2.1.
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4.3 THE SIMPLE SHEAR APPARATUS

A standard Wykeham Farrance SSA was purchased for the purpose of part of
this research and major modifications were carried out on the basic model.
Figure 4.9(a) shows the new arrangements of the SSA, which will be referred
to as the Modified SSA from here on. The Modified SSA was used only for
boundary displacement control tests. The following describes the

modifications.

In order to use the SSA the first modification necessary was the size of sample
to be tested. A new size of the sample was chosen to be 80mm in diameter
by 32mm in height (original size was 50mm in diameter by 20mm height).
These sizes were chosen to comply with the NGI standard SSA sample size so
that the standard NGI reinforced rubber membranes could be used, as well as

the NGI trimming apparatus.

An NGI wire-reinforced rubber membrane was used to maintain a constant
diameter and also to seal the sample. The stiffness of the wire reinforcement
was tested by filling the membrane with water, since water has no shear
resistance, and applying the appropriate vertical stress used when testing the
clay. Very low (1%-2% of the vertical stress) shear stresses were measured
and no adjustment to measured shear resistance of the clay was necessary.
However, the NGI specifications suggest a higher correction to the one

measured and the reason for this is not fully understood.

The Wykeham Farrance shear load cell used in the DSA was replaced with a

horse shoe load cell, for increased accuracy of load measurements.
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The position for the vertical load cell was changed from the bottom, next to the
hydraulic piston, to a point above the top platten of the sample to avoid the
friction in the piston bearing, Figure 4.9(b). The original Wykeham Farrance
load cell had to be used as it was less susceptible to bending during the
shearing process than other load cells with a better resolution. However it was
not possible to avoid the effect of bending on the load cell which meant that
the measurement of the total vertical stresses were unreliable. Table 4.1
provides the specifications of the load cell and Figure 4.10 shows the
calibration line for the load cell. The effect of this will be discussed in Section
6.3. An attempt was made to prevent the bending of the top platten, this was
achieved by introducing a reacting force opposite to the driving force by
attaching the top platten to a vertical bearing, see Figure 4.9(a). This
modification was not successful as far as the load cell performance is
concerned, however it is assumed that this would have allowed for the vertical

stress to be more uniform across the sample.
The displacement measurements were taken as for the DSA, see section 4.2.

An EMS servo hydraulic pressure controller, type 440, was adopted to apply
the vertical load via the load piston. Once the sample reached full consolidation
and was ready for testing, the controller was switched to "position control”, i.e.
keeping a constant average height of the sample instead of a constant total
vertical load. The latter was achieved by reducing or increasing the vertical
load in order to maintain a constant average output of the two vertical LVDTs
monitoring the height of the sample. The vertical LVDTs readings indicated a
fluctuation of 0.02% of the height which is well within requirements for a

constant height test as indicated by Airey (1983).
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As already indicated the measurement of the vertical load was a problem with
the modified apparatus. As the sample was sheared, the vertical load was
either reduced or increased in order to keep a constant height. Although the
constant height was achieved, the recorded load was not accurate, due to
bending and therefore the effective stress path produced was not correctly
measured. However, considering an undrained situation, the shear strengths
measured were of the correct value for the samples tested as obtained in the

DSA and by Airey (1983).

4.4 COMPUTER

4.4.1 Computer Control

The computer used for this work was the BBC master micro-computer,
somewhat behind in today’s technology, as it has a small Random Access
Memory, 132K and is relatively slow. However, since the rates of testing were
slow (fastest being 2mm/minute due to the limitations of the stepper motor, the

speed of the computer was sufficient for this purpose.

The computer had three main functions: controlling, monitoring and reducing
the data. Controlling was done by sending pulses to the stepper motor at the
required rate in order to achieve a specific displacement rate. Pulses controlled
the rotation of the stepper motor, which in turn moved the gears of the DSA
or SSA resulting in a forward movement of the shear box. This replaced the
original electrical driving motor which was limited in its range and accuracy.

The data was monitored through a 12-bit Analogue to Digital Convertor (ADC)
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which had eight channels of variable amplification, to which the LVDTs, load
cells and Druck transducers were connected. Processing the data was
organised with the software written specifically for this purpose. The data was

then saved on a floppy discs.

4.4.1.1 Control of Displacement Testing Rate

Although the computer was sufficiently fast to send pulses at very fast rates
(1000 pulses equivalent to Tmm travel), the testing rate was limited by the
stepper motor used. The stepper motor has a maximum of 15 revolutions per
minute, which could produce a horizontal displacement through the gear box of
3mm/minute. However, as a significant torque was required to produce this
displacement, a resuiting maximum rate of 2.3mm/minute was achieved. The

minimum displacement that could be applied was 0.001Tmm.

In order to achieve a rate which was fast enough to produce a "quasi undrained
situation” in the DSA (the SSA was run at slow rates, 0.1Tmm/minute to
0.001mm/minute), as it was not possible to mimic an undrained situation as for
the SSA by keeping a constant height, a number of rates were tried out. It was
found that a rate of 2mm/minute indicated a very small vertical displacement
of the top platten of less than 0.05mm, prior to developing the full shear
strength of the clay. Although this vertical displacement indicates volume
change (Figure 6.3), the pore pressure measurement allowed a complete picture

of the effective stress path to be achieved.
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4.4.2 User-Written Software

Throughout the work and up to the final test, the software was developed and
modified continuously to suit the requirements of individual tests. Appendix A

provides a listing of programs used for this research.

The language used for the programming was Basic. The program suite

consisted of five main parts:-

4.4.2.1. Inputting Required Data

The information required by the computer to run the tests are as follows; the
rate of testing: maximum displacement (up to 1O0mm, the intervals at which
readings are to be taken is worked out for a maximum of 150 sets of readings);
cross sectional area of sample; name of file in which readings are to be saved;
and finally the maximum shear stress allowed (this is required for safety
precautions to prevent any damage to the equipment - if this limit was reached

the computer would terminate the test).

The computer was programed to register the output of all measuring
instruments before the test was started. Readings were taken before and after
the screws were removed in the DSA, and the change from load control to
position control in the SSA. The readings were then compared so that the
disturbances due to the removal of screws or change from load control to
position control could be reported. All readings taken were compared with the

datum readings taken right at the start of the test.
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4.4.2.2. Control of Equipment

The program to control the equipment works in such away that it loops in a
control subroutine until it is instructed to leave the subroutine and continues
through the other operations. Normally, contact is made with the stepper
motor once sufficient time has passed to allow for one pulse to be sent. Only
the operation of data acquisition requires the exit from the control subroutine.
During the data acquisition the control subroutine is called upon twice to ensure
continuous control. Although the control is done in very small steps (0.001

mm) it is continuous through-out the test.

Figure 4.11 shows the linearity of the displacement achieved for both the

fastest and slowest tests.

4.4.2.3. Monitoring Readings

A 12-bit, eight channel ADC was linked to the computer to aillow the outputs
of the LVDTs, load cells and Druck transducers to be monitored. The table
below shows the accuracy at which the readings could be monitored.
However, when transducers were operating at the lower end of their
functioning range (less than 10% of full scale output) the errors encountered

were independent of the computer.
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TRANSDUCER ADC ACCURACY
LVDTs + 2.4X10° mm

Shear load cell + 6.32X10° kg
Vertical load cell + 3.93X10° kg
Pore Pressure Transducer + 4.24X10° kPa

A subroutine was responsible for scanning through and sampling the ADC
channels. The accuracy of the data acquisition through the ADC was =+
0.025%, which meant that not only human error was eliminated but also
accurate and precise readings were obtained almost simultaneously (5 readings

in less than 0.1 seconds).

4.4.2.4. Data Reduction and Transfer to Disk

The program suite incorporated the appropriate equations in order to calculate
the required parameters. All transducers were regularly calibrated (every 5
tests) and the calibration factors would have been regularly modified had there

been any changes. However no significant changes were recorded.

Once testing is finished, the processed data were transferred to the floppy

disk, which could be accessed later for graphical presentations.
4.5 TILTING TANK TESTS

Three types of tilting tank experiments were used: standard tilting tanks, the

shear cylinder within a tilting tank and the tension test within a tilting tank.
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4.5.1 The Standard Tilting Test

Perspex tanks of 430mm length, 230mm width and 260 mm height (see
Section 3.2 for choice of dimensions) were used for the full range of tests on
normally consolidated and over-consolidated clay at extremely low stress levels
(self weight vertical stress of around 0.05 kPa). Figure 4.12 shows the details

of the tanks, and the following paragraphs explain these features.

In order to create a base of high permeability below the clay bed, gravel (2.36
mm to 4.75mm in diameter) was mixed thoroughly with 100g of Araldite 2002
and compacted flat in the bottom of the tank, to the same height as the
perspex tube used for pore pressure measurement. The gravel was left to set
for 24 hours. A v-shaped notch of 10mm wide was made between the gravel
and the internal perimeter of the tank in order to fix the fine polypropylene cloth

and the coarse polypropylene cloth (See details of edge joint in figure 4.12).

The fine polypropylene cloth with holes of 90 um wide was used to prevent the
penetration of clay particles, and the coarse polypropylene cloth was used to
prevent the clay bed sliding on the fine polypropylene cloth during the tilting
(the fine cloth has a very smooth surface). A water-proof silicon sealant was
used to seal around the edges as well as holding the fine and coarse
polypropylene cloths as tight as possible, since any looseness or crease allowed
non uniform consolidation and swelling. The purpose of the thin layer of gravel
embedded in the sealant was to provide a rough interface with the clay, and

drainage back through the cloth further in from tank wall.

The perspex tube attached to the stand pipe was used to monitor the pore
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pressures at the bottom of the clay bed. The other perspex tube made a

controlled height outflow to create an accurate suction below the clay bed.

The two holes at the top of the back side of the tank were used for a water
supply and an overflow in order to maintain a constant head of water during
further consolidation. The perspex lid with waterproof silicon sealant was used

to seal the tank, 12 hours prior to tilting to allow the sealant to dry.

The PTFE axle bearings were necessary to facilitate the tilting procedure, and

prevent any vibrations during tilting.

Lifting tackle with an 8:1 mechanical advantage was attached to each tank to

allow smooth accurate tiiting of the tank.

4.5.2 The Shear Cylinder

A perspex cylinder was made to test clay in shear at the same stress levels
used in the tilting tanks (0.05 kPa) and avoid the restraint imposed by the tank
end against simple shear of the soil during tilting. Figure 4.13 shows the
dimensions of the cylinder and the arrangement of the cylinder inside a glass
tank. The following is a description of the functions of the different parts of

the apparatus.
The function of the knife edge on the bottom of the cylinder is for the precise
location of the cylinder in the step of the base plate. The vertical flange

provided stability and prevented excess tilting of the cylinder.
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The circumferential flange around the cylinder allows a long cylinder (700mm
long) of the same internal diameter as that of the shearing cylinder to stand on
the cylinder for the purpose of sample preparation, see section 5.3.2. The
flange also allowed for the threads to be attached to the cylinder. The threads
were used to lift up the cylinder and keep it in the required position (normally
2mm above the base plate) once the sample was ready for testing. The coarse
sand paper prevented the clay from slipping off the base, and the perspex base

plate ensured the failure occurred in the clay.

Other sizes of cylinders were used to investigate the size effect (120mm and
160mm in diameter with the same height and wall thickness). However the
80mm cylinder was mostly used as it matched the dimensions of the circular
DSA and SSA, and no size effect was observed within this range (see Section

6.4.2).

4.5.3 The Tension Test

This test involved failing a dumbbell shaped sample in tension. It was also
performed in a perspex tank with the arrangements shown in Figure 4.14. The
following describes the purpose of the features seen in the diagram: The NGI
porous stones (with pins as used in the NGI SSA) held the sampie ensuring the
failure occurred in the thinner section. The PTFE rollers provided a low friction
rolling mechanism. The location pin prevented any movement of the down
stream plate when removing the brackets holding the top plates together. Six
tests were performed to obtain the angle required to initiate the movement of

the bottom plate; and this was found to be 6°.
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4.6 Control of shear and Interpreting failure in the testing apparatuses

As already implied direct shear tests were made with either boundary
displacement rate control or shear load increment control, increments being
separated by a time interval (usually 24hrs). The former will be called
continuous tests and the latter incremental tests. In the tilting tests there is no
imposed boundary displacement; tilting causes gravity to increase the shear
stress on planes of potential rupture; stress uniformity is likely to be unusually
good. Again tilting can be continuous in time or incremental with time intervals
(usually 24hrs). Both forms were used. Continuous tilts were carried out at
rates of 1°/min. or more. Tilts described as 5°/hr. were in fact incremental tilts
of 1.25° every quarter hour with a rate of 4°/min.; similarly tilts of 1°/hr. were
made up of 0.5° every half hour. Tilts described as 3°/day were carried out
at 24hr. intervals in one continuous tilt of 3° at 4°/min., but the rate was
slowed on some occasions when failure was anticipated in the increment to
9°/hr.. All tilting tests failed suddenly, the angle of tilt at failure was
determined accurately with aninclinometer (generally to £0.5° or better except

for the very fast tilt (15°/sec.) £1°).

Failure conditions in these apparatuses are relatively complex. There are two
widely accepted mechanisms of failure and a choice must be made between
these to determine the shear strength. In addition it is necessary to propose
that shear strength is represented by a single parameter ¢ ° thus implying that

¢ =0 or is proportional to ¢” and subsumed into ¢ °.
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Failure will occur when the stress ratio (r/o,”) has reached a maximum.

However the failure mechanism will usually be one of the following conditions:

(a) Failure occurring over a surface on which there is maximum stress obliquity
(i.e. 7/ is maximum). Thisis at 45° + ¢ "/2 to the major principle stress plane
(Figure 4.15), and is referred to as Coulomb slip on a plane of Maximum Stress
Obliquity (MSQ). This failure form is entirely determined by the stresses;

various interpretations of associated strain can be made.

(b) Pre-failure strain occurs in the form of simple shear in a layer aligned with
a no-extension direction with coincident axes of stress and strain increment,
which is at 45 + ¢/2 to the major stress and increments of strain planes, (g =
angle of dilation), Figure 4.16, (Roscoe (1970), James and Bransby (1970) and
Arthur and Dunstan (1982)). This is referred to as the No Extension Direction
with coincident axes of stress and strain increment (NED). Moreover this
simple shear layer matches the imposed boundary discontinuities in the cases
of the DSA and tilting cylinder. In many of the experiments it will be found that
failure occurs fast under undrained conditions so that p = O which is the case

illustrated in Fig. 4.16.

The choice between these two mechanisms depends on indirect evidence.
Large displacements before failure or apparent concentrated sliding on a thin
layer within a tilting layer at failure are taken as NED mechanism failures.
Whilst small displacements before failure or disintegration with minimal prior

strain of a tilting layer at failure are taken as MSO mechanism failures.

There is a clear possibility of intermediate mechanisms but in practice in the
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experimental situations described these are rare. The variability of the criteria
proposed can be judged in due course by the correlations achieved between

different boundary conditions and stress levels.

In the standard tilting test failures occurs when the mass of clay slides to the
bottom of tank. The angle of tilt at failure according to infinite slope stability
analysis under drained conditions (Figure 4.17) is equivalent to ¢ “ as the sliding
occurs on maximum stress obliquity as explained above, however it will be
shown in Section 7.4.9 that either of the above two mechanisms (MSO or NED)
can occur in the standard tilting tests according to the test conditions. Failure
in the shear cylinder occurs when the cylinder together with the soil contained
inside shears on the thin layer of soil at the bottom of the tank in simple shear
(see Figure 4.13). By comparison with data obtained by Arthur et al (1987) on
Leighton Buzzard sand in a tilting tank (they measured a ¢ ~ of 48°), it will be
found that failure occurs on an NED which is represented by the angle of tilt at
failure. This results in the failure shear load being introduced by the component
of self weight (buoyant self weight when submerged in water) of the soil and
the cylinder in the direction of tilt. The tension test failure occurs when the
bottom part of the clay breaks from the top part, due to both the component
of the buoyant self weight of the bottom half of the clay and the mobile plate,
at the angle of tilt at failure. This is easily related to the tensile strength of the

clay.
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4.7 Summary of testing apparatus

The three major pieces of apparatus used in this research programme (DSA,
SSA and the tilting tanks) allowed tests to be performed on soil at low and very
low stress levels. Modifications carried out on the standard DSA and SSA have
been relatively easy and inexpensive considering today’s technology. The DSA
has allowed a large versatility in the testing conditions. Both displacement and
load control tests can be carried out with great accuracy by incorporating
measurements using simple electronics and computer methods, these are easy
to operate, as well as allowing accurate variations of displacement rates. The
most important improvement is provisions for internal pore pressure
measurements. When the vertical stress measurement is improved the SSA has
a great potential of use at the same stress levels used in the DSA. It may also
be modified to allow for pore pressure measurements as used by Dyvik et al.
(1987). The tilting tanks were relatively cheap and very easy to modify. As
many as twenty were used simultaneously in this research programme.
Normally consolidated and overconsolidated samples can be prepared in the
standard tilting tanks at very low stress levels (0.05 kPa). Whilst only normally
consolidated samples were prepared for the shear cylinder test, it would be
feasible to use it for overconsolidated samples. In all tilting tests the rate of
testing can be varied easily and even very fast smooth tilting can be performed

(=15°/second).

84



TRANSDUCER

MAKE & MODEL

SPECIFICATIONS

CALIBRATION &

COMMENTS
HORIZONTAL RDP 0-10mm, 5 mm/VOLT
LvDT D5 200H NON LINEARITY
£0.5% FRO
VERTICAL RDP 0-10mm, 1 mm/VOLT
LVDTs D5 200H NON LINEARITY
+0.5% FRO
SHEAR LOAD WISHBONE -0.3 - 0.3 KN, AMPLIFICATION =200
CELL MADE AT UCL NON LINEARITY 200N/VOLTS
+0.5% FRO
VERTICAL WYKEHAM 5KN RANGE, AMPLIFICATION =200
LOAD CELL FARRANCE NON LINEARITY 0.8 VOLTS/KN
4958 +0.001% FRO
PORE DRUCK 0-100 kPa, AMPLIFICATION =200
PRESSURE PDCR 200 NON LINEARITY 8.7 VOLT/kPa
TRANSDUCER +0.2% FRO

Table 4.1 Specifications of transducers

85




snjeledde Jeays 108.1Ip |01U0D JudBwWBE|dSI(] "1 84nbi4

SU0I}08S SS0ID [eluoziIoH (q)

m wiog Aq uiugg \ wwQg=Iuelp
\\ alenbg \\ 1gndiiy
/ 7
v ey
J80Nnpsuel} yonIQ jusweabuele snjeledde leays 1oa1(] (e)
sBuuieaq |leg _,.%%..du&éxyﬁ&»é%»wwﬁ A O WM%A
QR e S ~ 1LaAl poddns ssajuonon 4
7 \ jejuozion (XS
( N x X
JusWIBAOW JO co:umh_o' R 7 N 7 \
\, ; \ ke x \ “ 192 peo
whm b.& N \\ \\\\C\\\\\\\\\\W\w\\\\\\m\\\\\ x “ \\
| | 1L a9y \
,, A | S 7 7
B v 7, $ 7
|ans| 181, —— w x 7
S, LA [BOIBA LT \\\\\

peo| [BO1IBA

86



pues uo deb e Inoyjim pue yim jnsal yS( Jo uosuedwo) gy 81nbiH

(ww) uswsoe(dsip |BlUOZIIOH

Ot 6 8 L 9 G 1% € ¢ 8 0
_ 1 | 1 _ 1 _ i _ 1 | 1 _ i _ | _ i _ 1 O

o
@©
)
o
<
o
©
©)
I
™

|
©

— - T 0T e -

l
I
]
/
/
/
!

l 1 [ | I I
<t - eo) (9] 19\ (@)
Q] (qV - - ~—

(BdY) ssedis Jesys

l
N~
AN

o
™

87



8|pdau pue 18dnpsuel) yoni( Jo s|iereq £ a1nbi4

indino pue Ajddns 1amo(

1aonpsuel| yoniQg

laonpsuel) yoniQq
OJUO PBMBIIS Bseq a|pasN M

e
A
nu Buixi4 |« M>m>m

N

8|pssu ojuwapodAH

88



snjeledde reays 108.11p ay) ul
suolyisod jualayip 1e ainssaid Jarem alod Jo Juswainses|y ' ainbi

(ww) yuswade|dsi(

9 S
| 1 | 1

174 € ¢

T e ..

H|ds mojeq wwg

)I|ds aAoqe wwg

JI|ds xoq Jeays je
a|dwes jo anuan

SCEEEEE T e
o O O

-
o

@ ® N © W
o o o o o
(»om) 8INSS84d J81EM 810d PaSIBWION

<
-

89



180NpsueBl) Yoniq Jo uoneiqie) Gy ainbi4

(S)I0A) IndinO
£

1 _ 1

11oA/R (Y /'8 = 10)9E) UOEIqIED

[ﬁ

119 ) wn o Vel o
o™ ™ QV/ a\} ~— ~—
(B4Y) 8inssa.d

o
<

G

0G

90



180npsuel) peo| Jeays Jo uoneliqie) 94 ainbi

(s)oA) IndinQ

80
|

90
i |

70 20

IOA/N 002 = Jojoe} uogelqied

0

05

00L I
o)
Q)
Q.

051 Z

002

06¢

o1



S.L'A’A™1 Jo uonelqied L ainbi4

(siop) Indinp
¢ I 0 |- 2-
1 ] 1 1 | ) |
|ﬂ[. @
2’0 X ndinQ

SLAA [ESIIBA

1AAT [BIUOZHOH

oA/ =S, ) QAT |BOIMBA
JJoA/wwiG = | QA7 [eluozioH

S10j0B} UolBIqHED

0l

(ww) uswsoe|dsig

92



Vertical load

Pulley

> X7, y;W’ 2
X 2R

NEERRRNESS

IO,
23?5;?&,
DT

X

3

A

+

s
Clay

SN

N

Z.
o R e ORI

N

\\\\\\\\\ =N

QXD

LRI
ool
230 XX

o,

SN

ovatedeleteteietotetede;
SRS
RRHRIHHOXD
S
oteteteatsasetolete;
SRERLRER”
e

\
N
N
SN

Direclion of mgvement

Pulley

LVDT

Load cell

SN

3

Frictionless support

»

Druck transducer

Counter balance load

Load

83

Figure 4.8 Load control direct shear apparatus
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Y vater level

< v hypothstaical
/ fa1lurs plans
/4

Infinite Slope

Soil element, unit length (down dip) and unit W|dth along strike.

Effective weight of soil element = W*
Shear stress along failure line=1=T /1
Effective normal stress on element = 6’= N / 1

Resolving perpendicular to failure line

WicosB=N=¢" x1
Therefore W’ cosBB = 6°

Resolving parallel to failure line

WisinB=T=1x1
Therefore W’ sinB =1

B
S
Q.
D
D

"
—
[\Y)
o }
R=g

Therefore tanB = tan¢’

And B = ¢’

Figure 4.17 Infinite slope analysis for drained conditions
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Plate 4.1 Arrangement of Druck Transducer and Needle
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CHAPTER 5

PROPERTIES OF THE MATERIALS TESTED, SAMPLE PREPARATION, AND

SETTING UP PROCEDURE.
5.1 INTRODUCTION

This chapter describes the procedure of preparing the samples and setting them

up in the apparatus prior to testing.

Iin order to develop techniques to assess the shear properties of clays at much
lower stress levels than previously achieved, down to 0.05kPa, two well
researched clays which are easily available were used: Speswhite Kaolin and
London clay (obtained from bore holes 8-10m deep at a Paddington site}. The
Kaolin clay was commercially available in powder form and the London clay was
provided by Ove Arup and Partners, from 8m deep bore holes. All samples
used were resedimented or reconsolidated from slurry. Dense Leighton Buzzard
sand was also used in order to assess the apparatus, since the properties of the

sand were known from other research (Arthur et al. 1987).

Special techniques had to be adopted for sample preparation, as the clay at the

required stresses was very soft.

105



5.2 PROPERTIES OF THE MATERIALS

Property Speswhite Kaolin Blue London clay
Liquid Limit (LL) 69% 79%
Plasticity Index (Ip) 31% 55%
Specific Gravity (Gs) 2.61 2.71
Quartz - 20 - 25%"
Kaolinite 80% 15 - 20%"
Mineralogy lllite 30-35%"
Montmori- 20% 20 - 25%"
lionite

* Data obtained from Burnett and Fookes (1974) for Hammersmith and

Streatham sites.

5.3 SAMPLE PREPARATION

A new procedure had to be adopted in order to obtain fully saturated samples
at the low stresses required (for both the Speswhite Kaolin and the London
clay). For the few tests carried out on Leighton Buzzard sand the technique
adopted by Dalili (1990) was used. Sample preparation for the DSA, SSA and
the Tension test and the standard tilting tank and the shear cylinder will be

considered separately as the technique for each group is somewhat different.
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5.3.1 Direct shear, simple shear and tension test

To prepare fully saturated samples and be able to measure pore water pressure
accurately, de-airing was imperative, especially as the DSA apparatus could not
provide a back pressure to push any trapped air into solution. Once a
satisfactory de-aired slurry was obtained, the slurry was consolidated one-
dimensionally to the required axial stress. Aluminum cylindrical tubes 102 mm
in diameter and 400mm tall were used. The final increment of consolidation
was carried out in the testing apparatus. The preparation of fully saturated

specimens used the following procedures:

MIXING AND DE-AIRING PROCEDURES

The mixing and de-airing process played a significant role in obtaining
completely saturated clay samples. Figure 5.1 shows the equipment that was
used to mix and de-air the clay. The London clay had to be sliced in small
pieces (approximately 2mm in thickness 5¢cm long and 3cm wide) and left to

soak in water for a week.

This mixing and de-airing process consisted of three different stages; mixing,

spraying under vacuum and shaking under vacuum.

107



During the first stage, 1000 grams of clay was mixed with 3000 cc of de-aired
distilled water under vacuum, in a PVC cylindrical chamber (Figure 5(a}). In
some cases, salt was dissolved in the water at concentration of 3bgrams/litre
to imitate sea conditions. In the case of London clay, the weight of clay mixed
was found by the concentration of the slurry. The mixing chamber was
500mm high and 160 mm diameter. The blending process continued for

approximately 20 minutes.

During the second stage, the slurry was gently evacuated through a plastic pipe
by opening an outlet valve. It was sprayed into a thick bell jar of 10 litres
capacity maintained at 80 kPa below atmospheric pressure, as illustrated in
Figure 5.1(c). As a precaution incase of breakage, a metal mesh was placed
around the container under vacuum. The purpose of using a glass container
was to ensure that there were no air bubbles left in the slurry by visual
inspection. Once the PVC cylinder was fully evacuated, the process was
repeated until the required volume of slurry (approximately 10 litres) was
attained. The slurry was then left under vacuum for five to six hours; even so,
when the container was shaken by hand a visual inspection revealed some air

bubbles still trapped in the Kaolin.

The third stage was commenced by placing the container on a shaking table
while the slurry was kept at 80 kPa below atmospheric pressure (Figure 5.1(d)).
To place the glass container on the shaking table a metal frame was clamped

10 the table and then lined with soft pieces of sponge. The container was then
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placed on these sponges while the whole frame was covered with a safety
metal mesh as shown in Figure 5.1(d). Vibration accelerated the de-airing
process and after four hours of shaking, visual inspection revealed the sample

to be satisfactory de-aired.

CONSOLIDATION PROCEDURE

Once the slurry was fully de-aired, the glass container Was dismantled from the
shaking table and laid horizontally on a soft base. It was then rolled back and
forth gently till the slurry was thoroughly mixed and of a uniform thickness.
This was conducted while the slurry was under vacuum (80 kPa below
atmospheric) but with the valve to the vacuum pump closed. The next step
was to release the vacuum gently and pour the slurry into the consolidation

.

cells.

To consolidate the clay slurry, conventional oedometers were modified to
accommodate the larger consolidation cells (80mm diameter and 320mm
height). Figure 5.2 shows the arrangement of the modified oedometer. For the

tension test, larger cylinders were used (155mm diameter and 200mm height).

The principal features of the consolidation cell, which is illustrated in Figure 5.2,

are explained below: The Cell body, for accommodating the sample, was made
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of aluminum tubes of 110mm external diameter and 400 mm height. The
internal face of these tubes was machined to the required diameter of 104mm.
This was sufficient to permit trimming the edges of the sample that might have

been disturbed during the extracting process. The inner surface of the cell was

-then lined with 0.1 mm thickness PTFE lining. The PTFE lining provided a very

smooth surface between the clay and the walls of the tube, and the loading cap
and the walls of the tube during consolidation. The loading cap was made from
aluminium, 102mm diameter and 10mm thick. The diameter of loading cap
was 2 mm smaller than the inside diameter of the consolidation cell. The force
was abplied to the sample centrally via a steel ball seated to the centre of top
cap. A porous plate with 60 micron pores and 4mm thickness was cut to the
same size as the internal diameter of the aluminum tubes. To prepare the
consolidation cell, the porous plate was de-aired by immersing in boiling water
for 10 minutes. It was then withdrawn from the water and forced level in the
bottom of the consolidation tube. The cell was now ready to be filled with the

clay slurry.

Slurry was slowly siphoned from the glass container into the consolidation cell
under water through a 6.4mm plastic pipe. The consolidation cells were then
left for 24 hours to consolidate under self-weight. Once the self-weight
consolidated clay was strong enough to carry the weight of the loading cap, a
wet filter paper was placed on the inner surface of the loading cap. The loading
cap (0.3 kg equivalent to a vertical stress of 0.36 kPa) was then gently lowered

and placed on the top in contact with the clay specimen and left for at least 24
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hours. An aluminum load hanger was placed on the centre of the loading cap
for a further of 24 hours before loading started. The loading sequence
commenced in the form of 0.5kg, 1kg, 2kg, 4kg, etc (equivalent to a vertical
stress of 0.61kPa, 1.21kPa 2.42kPa and 4.84kPa respectively) and these were
sufficiently low to prevent the clay being squeezed out. The top of the tube
was always filled with water to prevent drying (Figure 5.2). Although overall
the two water surfaces set up a steady seepage gradient and corresponding
variation in effective stress this was not a series problem over the 2cm height

of DSA samples.

SAMPLE TRIMMING

Once the samples had reached the required consolidation stress, they were
unloaded and allowed to swell for 24 hours. The consolidation tube was then
placed in the NGI trimming apparatus (Geonor (1986)), Figure 5.3 and Plate
5.1, ready for the sample to be extruded and trimmed. These processes took
place in a humidity cabinet at approximately 95% humidity to prevent any
water evaporating from the sample. When the Jack was raised, the sample
was pushed out of the tube and the porous plate taken off the sample. The
sharp-edged steel sample cutter (circular, square or dumbbell shaped), 1.5 mm
thick and cutting edge tapered at 15°, was placed above the sample. The
sample was then jacked further into the steel sample cutter and extra clay

around the side was continuously removed with a knife, Plate 5.2. This
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process of jacking the sample and trimming the edges of the sample was
repeated until 2cm of clay had protruded through the other side of the steel
sample cutter. The copper slice plate was pushed in below the steel sample
cutter, Plate 5.3, and then the top of the clay was carefully cut away leaving
the clay sample level with the steel sample cutter. The steel sample cutter was

then removed to enable the consolidation tube and jack to be removed.

At this stage the sample was ready to be placed in the apparatus. The

following describes the procedure for the DSA, SSA and the tension test.

5.3.1.1 Direct Shear Apparatus

A wet filter paper was placed at the bottom of the shear box, ensuring no air
bubbles are trapped between the base and the filter paper. This box was
placed on the NGI cutting frame and the steel sample cutter (with sample) was
lowered just above the shear box. A filter paper, cut to fit underneath and
round the edges of the loading platten of the shear box, was made wet and
placed on top of the clay in the steel sample cutter. The copper cutting plate
was removed and the steel sample cutter was gently lowered to locate at the
top of the shear box, Plate 5.4. The top loading platten was placed on top of
the sample and gently moved down to push the sample inside the shear box.
Then the steel sample cutter was removed, Plate 5.5. Plate 5.6 shows the

square shear box with the square steel sample cutter.
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The shear box was placed in the travelling carriage and the hypodermic needle
attached to the de-aired Druck transducer, for pore water pressure
measurement, was pushed in from the base and screwed in position. The
transducer was screwed two further turns into the needle base in order to push
2-3 small drops of water out of the needle ensuring a de-aired needle tip. The
shear box in the travelling tray was placed in the DSA frame and the vertical
load was applied whilst monitoring the output of the Druck transducer to ensure
that it was responding to the load application. As drainage was allowed,
response time tests could not be carried out. However, response time tests
were carried out on a sample for each batch of clay to ensure that the clay had
been de-aired as well as ensuring the transducer is in working order. See Figure
5.4 for response time results carried out in a triaxial cell. Values of 0.98 were

obtained for Skempton’s pore pressure coefficient B in 4 seconds.

5.3.1.2 Simple Shear Apparatus

The bottom platten raised on a pedestal was positioned at the bottom of the
NGI trimming frame, and the steel sample cutter with the clay was lowered just
above the bottom platten. The mid section of the reinforced wire membrane
was placed inside the stretcher and the unreinforced rubber folded over the
ends. A vacuum was applied using a suction pump through the tubing of the
stretcher to stretch out the membrane. The copper plate was removed, the

stretcher and the steel sample cutter were moved down simultaneously, leaving
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the sample on the bottom platten with the membrane around it. The top
platten clamped to the yoke was moved down onto the sample. The suction
was released. The ends of the membrane was unfolded and the stretcher was
moved up. The rubber O-rings were placed onto the bottom and top platens

respectively to seal the sample.

As the sample was soft a precise aluminium casing was placed around the
sample and the top and bottom platens to prevent any movement of the top
platten relative to the bottom, Plate 5.7, during the transportation to the SSA
(Figure 4.9) which would have caused disturbance and shearing prior to the
test. The travelling base plate was screwed to the bottom platten and put in
the SSA. The top plate was moved down onto the top platten and
simultaneously the knife edge clamp was screwed onto the top platten. The
Aluminium casing was removed. The vertical guide was connected to the top
platten and the vertical load was applied. The sample was left to consolidate

under the final increment for 24 hours before shearing commenced.

5.3.1.3 Tension test

The sample for the tension test was delicate compared to the simple shear
sample or the direct shear sample as it had a height of 10mm. The sample
height was chosen so that the drainage height would be as small as possible to

allow quick drainage during the shearing so that excess pore pressures would
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dissipate quickly. The steel sample cutter had to be modified so that the
copper cutting plate would not be removed from the steel cutter until the
sample was sitting on the porous stones (see Figure 4.14). This prevented the
sample from coming out of the steel sample cutter unevenly and buckling in the
process. The sample surrounded by the steel sample cutter was positioned in
the apparatus and the copper cutting plate was then removed. A sheet of wet
filter paper, the same shape as the sample, was placed on top of the sample.
A block of wood, slightly smaller than the inside of the steel sample cutter was
placed on top of the wet filter paper and held down gently. The steel sample
cutter was pulled up, leaving the sample and the block of clay in position on the
porous plates. The filter paper was removed, the sample was placed in the

tank and the tank was very gently filled with water.

5.3.2 Tilting Tanks and Shear Cylinder

Prior to preparing the clay samples, the tanks had to be cleaned, prepared and
de-aired. Once the tanks are ready, the clay was mixed and poured into the
tanks. The following describes the procedure of tank preparation and the

different methods of preparing the samples.

The tilting tanks were washed thoroughly with large amounts of water in order
to get rid of the soluble chemicals in the silicon sealants. These chemicals were

found to cause coagulation of the particles, leading to a different behaviour of
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the clay. The tanks were then filled to a quarter of their depth with water. The
air trapped below the fine polypropylene cioth was removed by tapping and
sucking the small pockets of air. The tanks were then gently vibrated to force
out any air trapped between the gravel. The de-airing procedure was repeated
until no more air bubbles were visible. The stand pipe and the outlet pipe were
connected and water was allowed to flow through them to ensure no air
bubbles were trapped in them. The pipes were then attached to the outside of

the tank. The tanks were now ready for the clay slurry to be added.

The tank used for the shear cylinder test was cleaned, the waterproof sand
paper was placed at the bottom of the tank with the perspex plate fixed above,
and the cylinder was located in the hole in the perspex plate, see Figure 4.13.
The tall cylinder was located on the flange of the shear cylinder and tank was
filled to an initial the depth of 50mm of water whilst the cylinders weré held in

place.

As the London clay was obtained in its wet form, a slightly different procedure
was used to prepare the sample. The Kaolin was mixed from dry powder in
two different procedures to obtain different properties. The following explains

in detail the method adopted for the London clay and the Kaolin clay.
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LONDON CLAY

The London clay was sliced into small pieces (approximately 2mm in thickness
5cm long and 3cm wide) and left to soak in London tap water for a week. It
was then mixed in a dough mixer for a period of 4 hours. A sample of 100 cc
was taken out of the slurry to find the moisture content and the concentration.
The moisture content was found to be 400% +20%. As the concentration
was known a specific amount of the slurry was poured into a bucket and
diluted with water (15 litre), making the moisture content approximately
1900%, and the slurry was mixed continuously by hand for about 10 minutes.
The slurry was then gently poured in the tanks and the tanks were then topped
with water. In some tests salt was added to the London tap water at

3bgrams/litre to imitate sea conditions.

KAOLIN CLAY

Two methods of mixing were adopted for the Kaolin to investigate the effect
of the mixing, by hand and in a food blender. The water composition was also
varied. The following variations were tried, one at a time:

Adding salt at a concentration of 35grams/litre to London tap water.

Using de-ionised distilled water

Adding a coagulating agent, Perco! 155 at concentrations of 0.0045 grams/litre

and 0.0023 grams/litre to London tap water.
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The hand mixing procedure adopted was similar to that of the London clay,
except that the Kaolin in its dry powder form was poured into the water in the
bucket, giving a moisture content of approximately 1900%. The clay was
allowed to become wet in the water and then stirred continuously by hand for
10 minutes. The slurry was gently poured in the tanks and the tanks were then

topped with water.

For the blending procedure the ciay was mixed at 300% moisture content as
described in section 5.3.1, and then added to the bucket of water, producing
a slurry at a moisture content of 1900%. The slurry was then gently poured

into the tanks and the tanks were then topped with water.

Sample set up was different for the shear cylinder and the tilting tanks. In the
shear cylinder only normally consolidated samples could be prepared with the
present apparatus arrangement. However, it was possible to prepare
overconsolidated samples in the tilting tanks. The following is a description of

the sample set up in both the shear cylinder and the tilting tanks.

5.3.2.1 The Shear Cylinder

Once the clay was ready in its mixed slurry form and the shear cylinder was set
up, as described in Section 5.3.2, the slurry was poured into the long cylinder.
A bucket full of water (approximately 20 litres) was poured into the rest of the

tank simultaneously so that the water head in the cylinder was always slightly
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less than the water head in the rest of the tank. This prevented any of the clay
slurry escaping out of the cylinder. The long cylinder was held in place until the

water in the tank came to rest; it was removed 24 hours later, Plate 5.8.

The sample was left to consolidate for the number of days required. Once the
required period of consolidation had been achieved the lid was placed and
clamped on top of the tank with the threads attached to the cylinder going
through the holes in the lid. The lid was adjusted so that the threads are
vertical. Rubber bungs are placed in the holes to prevent the threads from
falling through. The threads are tightened by pulling. The three threads are
pulied up simultaneously by 2mm so that the shear cylinder was no longer in
the groove and a small gap was created between the shear cylinder and the
bottom perspex plate, Plate 5.9. The sample was left for four hours to mitigate

any disturbance due to lifting the cylinder and then the tilting proceeded.

5.3.2.2 Tilting Tanks

The tilting tanks allowed both normally and over-consolidated samples to be
prepared. The procedure for over-consolidated sample preparation was the
same as that for normally consolidated with an extra step. The slurry was
gently poured into the tank and then topped up with water. Silicon sealant was
placed around to the top flange of the tank and a perspex lid was placed on

top. Sprung paper clips are then placed all around the tank to seal the lid. The
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clay was left for the required period before tilting starts.

in the case of the over-consolidated samples, the outlet pipe at the base of the
gravel drainage layer was gently lowered to 5mm below the water level in the
tank, allowing water to flow out of it for one hour. It was then lowered further
to give a specific water head difference across the sample depth. The pressure
drop can be monitored accurately on the inclined stand pipe. This difference
in head provides an extra consolidation stress across the clay and was normally
allowed to remain for 24 hours. Water was fed into the tank continuously
during this further consolidation process, and the water level was maintained

constant with the overflow at the top of the tank.

Once 24 hours have passed (in some cases, this period was varied to quantify
the effect on the test results), the outflow pipe was gradually raised up (at two
or three stages over a period of one hour) beyond the water level and the
sample was allowed to swell back creating an over-consolidated sample. The
gradual setting up and reduction of the hydraulic gradient was necessary to
prevent any uneven consolidation or swelling back which can result in any hole
or crack formation. This period of 24 hours was chosen since it was found by
Zadeh-Koch (_1 989) that this period was sufficient to allow full primary
sedimentation producing a soil skeleton. The period of swell back was normally
24 hours, however other periods were used in order to assess the difference on
the results. The taps on the adjustable flow pipe and the stand pipes were

always closed prior to tilting.
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Plate 5.1 The NGI Trimming Apparatus

Piate 5.2 Sample Trimming in the NGI Apparatus (stage 1)
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Piate 5.3 Sample Trimming in the NGI Apparatus (stage 2)

Piate 5.4 Sample Placement in the Shear Box
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Piaie 5.5 Final Arrangement of Sample in the Circular Shear Box

Plate 5.6 Arrangement of the Square Steel Sample Cutter

and the Square Shear Box
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Plate 5.7 Arrangement of Simple Shear Sample Inside the Aluminium Casing

Prior to Placement in the SSA
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Plate 5.8 Sample Arrangement in the Shear Cylinder

Plate 5.9 Sample Arrangement in the Shear Cylinder Prior to Testing
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CHAPTER 6

PRESENTATION OF RESULTS

6.1 Introduction

As seen from the previous chapters, this research project has utilised a variety
of standard laboratory testing techniques which, in some cases, have
themselves been modified to suite the particular needs of the project. For
simplicity this chapter presents results obtained from each of the testing
apparatus used and the variation in the testing techniques and conditions.
Discussion of the results will be presented in Chapter 7. However there is one

aspect of analysis which can not be deferred entirely to Chapter 7.

6.2 Thixotropy and rate of testing

Thixotropy is defined as an isothermal, reversible, time-dependent process
occurring under conditions of constant composition and volume whereby a
material stiffens while at rest and softens or liquifies upon remoulding
(Freundich, 1935). The measurement of thixotropic properties of a material is
influenced by the testing techniques, and therefore only load control tests could
quantify this property. The displacement control tests would result in
remoulding of the samples during the shearing process and destroy the

thixotropic strength, Section 7.4.8. Although the tilting tanks are only load
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control tests, the rate of tilting is also an important factor in quantifying the
thixotropic strength. The very fast rate used (= 15°/sec.) would be sufficient
to measure the thixotropic strength, provided pore water pressure was not
generated (Section 7.4.4). Due to the clay viscosity when tilted at the fast
rate, very small strains would have occurred during tilting. These small strains
are not sufficient to remould the sample and destroy the thixotropic strength.
The slow incremental rate (3°/day) would also be sufficient to measure the
thixotropic strength, since in pre-failure loading the small increments of load
would each only produce very small strains which are not sufficient to remould
the sample significantly and thereby destroy appreciable thixotropic strength.
More over the 24hr period of rest between load increments would allow the
clay to rebuild any thixotropic strength that may have been lost in the previous
increment of loading. Both the magnitude of individual load increments and the
length of the time interval between increments are important in achieving
measurement of the full thixotropic strength. The continuous rate of tilting
used in this research was arrived at so that only the frictional strength is
measured, hence this rate was chosen such that the angle of tilt at failure was
a minimum once consolidation equilibrium was reached. This rate allowed pre-
failure strain to develop during tilting so that the thixotropic strength was
destroyed and only the frictional strength component was effective. For both
normaily consolidated Kaolin and London clay a range of tilting rates between
10°/min. and 1°/min. showed that any tilting rate equal or less than 6°/min.
resulted in measuring the minimum angle of tilt at failure and subsequently a
rate of tilt of 4°/min. was chosen to produce the above requirement, Figure

6.1.
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The DSA is also effective at measuring the thixotropic strength providing load
control tests are performed. A fast rate of loading was not possible with the
present apparatus set-up, and a slow incremental rate was chosen (1
increment/day). However, for both the standard tilting tanks and the DSA the
effect of overconsolidation resulted in transforming the previous thixotropic
strength in the clay (Section 7.4.5) so that it was stable regardless of the pre-
failure strain developed, thus allowing the thixotropic strength to be measured
using any of the testing techniques used in this research at any of the above

rates of loading.

The measurement of thixotropic strength has been shown to depend on the
incremental loading technique. However the rate of continuous loading can
have a significant effect on the test results and it is therefore important to
differentiate the effect of the testing rate on the test result. Bjerrum et al.
(1958) carried out a series of drained and undrained triaxial tests with pore
pressure measurements, covering widely differing rates of continuous loading,
on marine clay from Fornebu, Oslo. They showed that the undrained shear
strengths decreased with increasing time to failure, and that this decrease
cannot be explained solely by the observed increase in pore pressure at failure
with time, but must be a result of a reduction in the true cohesion and/or the
true angle of internal friction, with increasing time to failure. However for the
drained tests the drained strengths appear to be independent of the different
rate of loading adopted in their investigation (1.3%/hour to 0.034%/hour) and
therefore measured a unique effective strength parameters regardless of the

rate of loading. They suggested that the reduction in the true cohesion and/or
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the true angle of internal friction with time, which was shown by the undrained
tests, is compensated by an increase in drained shear strength, due to the
decrease in water content, resulting from secondary time effect during the
shear tests. The test carried out in this research programme consisted of fully
drained, partially undrained and fully undrained tests (in the case of the SSA
tests run at a constant volume). Tests carried out in the tilting tanks will be
shown in section 7.4.4 to have occurred under drained conditions and by the
evidence provided in section 7.4.4 it is shown that there was no rate effect on
the results obtained. This is also shown by the range of tilting rates used to
establish a standard continuous tilting rate, as described above, which all
vielded the same angle of tilt at failure at and below the 4°/min. tilting rate.
This is in agreement with the observations made by Bjerrum et al. (1958) for

drained tests described above.

The DSA was run at three continuous displacement rates; the slowest rate
(0.01mm/min.) which produced a fully drained situation (pore pressure during
shearing remained zero), an intermediate rate (0.1Tmm/min.) which produced a
partially drained situation {pore pressure development during shearing as well
as a significant volume change) and a very fast rate (2mm/min.) which
produced a partially undrained situation (large pore pressure development during
shearing with very small volume change), Section 6.3. The rate effect in the
continuous displacement control DSA had no effect on the measurement of the
thixotropic component; as displacement control tests could not be used to
quantify thixotropy (see above) and the overconsolidated sample could not be

tested successfully due to the inability of the Druck transducer to measure
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pressure accurately below atmospheric. However the failure mechanism
(Section 4.6) will be shown in Section 7.4.9 to be influenced by the rate of
testing in the DSA. The fast rate produced an MSO and the slow rate produced
an NED whilst the intermediate rate allowed failure to occur in between MSO
and NED, Section 7.4.9. Similar failure mechanisms occurred in the tilting
tanks which were not due to the rate of tilting but were dependent on the

structure of the clay at these very high voids ratios (Section 7.4.9).

6.3 Direct Shear Apparatus

The DSA was used to perform both displacement control and load control tests
on both Kaolin and London clay. Table 6.1 summarises the different test
conditions adopted in the DSA, whilst Tables 6.2 to 6.5 present the results of
these tests, including the stress ratios at failure (r/o,”), the proposed
mechanisms of failure and the effective angles of friction (@°). It is
immediately apparent from Table 6.2 (displacement controlled direct shear
results on normally consolidated Kaolin) that the consolidation stress, the shear
box shape, the duration of consolidation prior to testing and the water
composition have no effect on the stress ratios at failure (r/o, "), the failure

mechanism or the effective angle of friction (¢ ).

It can be seen, however, that the rate of displacement has the effect of
influencing the failure mechanism; the fast rate (2mm/min.) results in a failure

on the maximum stress obliquity failure mechanism whilst the slow rate
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(0.01mm/min.) results in a failure on the no extension direction, with coincident
axes of stress and strain increment (NED). The intermediate rate (0.1mm/min.)
results in a failure in between the above two mechanisms. The stress ratios
(r/o, ") at failure are different and the effective angles of frictions (¢ “) are the
same (22.5°) for all displacement rates used. It should be noted that the
accuracy of measurements was = 0.5° (due to the maximum inaccuracy
measured in the shear load cell and Druck transducer, Section 4.2.1). The
mean effective angle of friction (¢ ) measured was 22.5° with a standard of
deviation of 0.34. Data for the same clay tested in the Cambridge Simple
Shear Apparatus and the Cambridge True Triaxial Apparatus gave ¢ * as 22.5°
and 23° respectively for mean normal stress levels from 80kPa up to 600kPa

(Borin 1973 and Pearce 1970).

Figures 6.2 to 6.4 show examples of typical behaviour of Kaolin for all
displacement rates. The fastest displacement rate produced the lowest
maximum shear stress and the highest pore water pressure, whilst the slowest
displacement had the opposite effect with zero pore water pressure indicating
drained conditions. The intermediate rate produced a maximum shear stress
and pore water pressure in between the fast and the slow rates of
displacement. The fast displacement rate showed the most brittle behaviour
where the maximum shear stress was achieved at very low displacement
(0.3mm); whilst the slow rate had a more ductile behaviour achieving the
maximum shear stress at greater displacement (> 6mm). The intermediate rate
produced a stiffness in between the fast and the slow rate. The fast

displacement rate resulted in very small volume change (<0.2mm reduction in
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sample height) indicating almost undrained behaviour whilst the slow
displacement rate produced large volume change (> 1mm reduction in sample
height). The intermediate displacement rate resulted in approximately 0.7mm
reduction in sample height. Figure 6.3(a) shows the effective stress paths for
three tests performed at a displacement rate of 2Zmm/min. at three different
stress levels (5, 15 and 50kPa). An effective angle of friction (¢ “) of 22.5° is
obtained with a zero cohesionintercept. This provides further evidence that the
strength component (without thixotropy) is constant at different stress levels

and is purely frictional.

The results for London clay (Table 6.3) show some difference from those
described above for Kaolin. Namely, in the case of London clay, the increase
in the number of consolidation days prior to testing, from 1 to 7 and thereafter,
resulted in the reduction of water content (due to creep, measure by
interpretation of the vertical displacement of the top cap) which consequently
increased the effective angle of friction (¢ “) from 20.5° to 29°. Gibson (1953)
reported a @ ~ of 20.5° for normally consolidated London clay in the DSA and
Bishop et al. reported a ¢ * of 21° for normally consolidated clay in the triaxial
apparatus. Figures 6.5 to 6.6 show the typical behaviour of London clay for
all displacement rates. Similar behaviour can be observed to that of Kaolin

described above.

The results from the displacement control direct shear tests on overconsolidated
samples of both Kaolin and London clay are shown in Table 6.4. Unlike those

of the normally consolidated samples described above, the results in this case
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are inconclusive due to the small number of tests performed and the inability
of the pore pressure transducer to record accurate negative pore pressures
(below atmospheric). In particular, tests performed at the displacement rate of
2mm/min. indicate the development of negative pore pressure during shearing.
However, the two tests performed at the slow displacement rate of
0.01mm/min do not develop pore pressures during shearing (zero pore water
pressure measured throughout the tests), and show a significant increase in the
effective angle of friction (¢ “). It will be shown in Chapter 7, that this resuit
is attributed to the transformation of the previous (Section 7.4.5) regardless of
the pre-failure strain; this phenomenon only exists below a maximum
consolidation stress of 5kPa for Kaolin and gradually reduces for London ciay
above a vertical consolidation pressure of 8kPa reaching a minimum ¢ * =32°
at a vertical consolidation stress of 20kPa. Figures 6.8 to 6.10 show the

behaviour of the two slow tests on Kaolin.

The load control direct shear results for Kaolin and London clay are presented
in Table 6.5. For the normally consolidated samples, a rate of 1 increm‘ent/day
was adopted, whilst for the overconsolidated samples a more rapid rate of 1
increment/30 minutes was used (1 increment = O0.1kg shear load,
corresponding to 0.2kPa for the circular shear box and 0.27kPa for the square

shear box).

Normally consolidated Kaolin tests showed an increase of the effective angle
of friction over the displacement control tests. Here, ¢~ was found to be

38° +1° at a value of 0., * of 5kPa and below, which will be shown in Chapter
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7 to be due to thixotropy. For vaiues of o, " above 5kPa, the measured
effective angle of friction was equal to that in the displacement control DSA
(p° = 22.5°), whilst normally consolidated London clay showed a steady
reduction in the effective angle of friction (¢ ) from 38.7° at consolidation
stress (0,,°) of BkPa to 32° at 20kPa. Figures 6.11(a), 6.11(b), 6.11(c),

6.12(a) and 6.12(b) show the typical behaviour of both Kaolin and London clay.

Water composition (i.e. distilled, London tap water (LTW) and addition of salt)
had no effect on any of the stress ratios at failure (r/o, °), failure mechanism or

the effective angle of friction.

For the overconsolidated Kaolin, samples swelled back from a maximum vertical
stress of 5kPa preserved the thixotropic strength seen in normally consolidated
samples consolidated to the same stress. However, sample swelled back from
a vertical stress greater than S5kPa were seen to have lost this thixotropic
strength. Overconsolidated London clay, however, showed no complete loss
of the thixotropic strength component at a vertical stress greater than 10kPa.
This is in accordance with the behaviour of normally consolidated London clay
which was seen to have some thixotropic strength at a vertical consolidation

stress of 20kPa.

Voids ratios versus consolidation stress for all normally consolidated samples

are presented in Figures 6.13 and 6.14 for both Kaolin and London clay

respectively.
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6.4 Simple Shear Apparatus

The simple shear apparatus was only used for displacement control tests on
Kaolin. Pore pressure measurements were not feasible as the purchased
Wykeham Farrance SSA could not be easily adapted for this purpose without
the complete redesigning of the apparatus in order to avoid sample disturbance.
An attempt was made to run constant height tests in order to mimic undrained
constant volume tests, as suggested by Airey and Wood (1986). However, as
explained in Section 4.3, the vertical stress measurements were inaccurate and
an effective stress path could not be established although the height was kept
constant. The shear strength measurements were the same (r/o, = 0.20) as
those measured in the shear box at the fast rate and similar to those measured
by Airey (1984) (r/o, = 0.20), indicating the feasibility of using the SSA at the
same stress levels used in the DSA in this research and the SSA as used at NGI
by Lacasse et al. (1985) where constant height tests were performed on
undisturbed samples of clay at a vertical consolidation stress of 25kPa. Figure

6.15 shows a typical result at a vertical stress (o, ") level of 5kPa.
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6.5 Tilting Tanks

As described in Chapter 4 three types of tilting tank tests were performed:
The standard tilting test, where a submerged, initially horizontal layer of clay
under plane strain conditions was tilted to failure; when the mass of clay slides

down to the bottom of the tank.

The shear cylinder test, where tilting a clay sample in a cylinder (Figure 4.13),
causes failure on a predominant plane with no end restraint as in the DSA, but
under very low effective stresses (0.05kPa self weight), and where the shear
load is introduced by the component of the buoyant self weight of the clay and

the cylinder in the direction of the tilt.

The tension test, where a dumbbell shaped overconsolidated clay sample
(Figure 4.14) is tilted in the tank until the bottom half breaks away from the top
half due to the component of buoyant self weight of the bottom half of the clay

and the mobile plate underneath.

6.5.1 The Standard Tilting Tests

Both normally consolidated and overconsolidated Kaolin and London clay were
tested in the tanks. Table 6.6 summarises the different test conditions adopted
in the standard tilting tank and Table 6.7 presents the tilting tank results for

normally consolidated Kaolin and London clay. Table 6.8 presents the results
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for normally consolidated Kaolin and salt, Kaolin and coagulant and London clay
and salt. All the above tables include the stress ratios at failure (r/o, "), the

proposed mechanism of failure and the effective angle of friction (¢ °).

6.5.1.1 Normally consolidated Kaolin

Three tilting rates were adopted for reasons described in Section 6.2 : (i)
= 15°/sec., (ii) 4°/min. (iii) 3°/day incremental. Normally consolidated Kaolin
yielded these failure angles: (i) 34° at 1 day, 38° at 4 days and thereafter (ii)
22.5° at all times (iii) 38°. According to conventional infinite slope stability
analysis under drained conditions these tilt angles are equivalent to ¢ * as the
sliding occurs on maximum stress obliquity planes (MSO), Section 4.6.
Considering the result for rate (ii) it is noted that data for the same clay tested
in the Cambridge Simple Shear Apparatus and in the Cambridge True Triaxial
Apparatus gave ¢~ as 22.5° and 23° respectively for mean normal stress
levels from 80kPa up to 600kPa (Borin 1973 and Pearce 1970). The mean
stress level in the tilting tests was about 0.05kPa with the void ratio 6.1 (the
void ratios were calculate by taking the mean depth of the clay from 20 points
around the perimeter of the tanks). This is an excellent correlation; drained
conditions have been confirmed in section 6.2 and will be further discussed in
Section 7.4.4, and further analyses in Sections 7.4.5 and 7.4.9 provides even
stronger support for the use of conventional infinite slope analysis. The
accuracy of the measurement was +0.5° due to the inclinometer used to

measure these angles and the mean effective angle of friction (¢ “) was 22.5°
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(maximum and minimum angles of tilt at failure measured in any tests were
23.0° and 22.0° respectively). All failures were seen to occur as a mass
disintegration of the clay bed, Plate 6.1. It was found that no creep occurred
and the voids ratio remained constant at 6.1 regardless of the number of days

since sedimentation started.

Two effective vertical stresses were used, 0.1kPa and 0.05kPa (according to
the initial dry weight of Kaolin 0.75 and 1.5kg respectively), which had no
effect on the test results or the voids ratio (angles of tilt at failure were 22.5°
and voids ratio at the end of consolidation were 6.1). No effect was observed
on the failure angle for Kaolin mixed in the food blender regardless of the
number of days since sedimentation, although the void ratio was almost
doubled (e=11.2). Figure 6.16 shows the sedimentation curve for Kaolin with

an initial concentration of 34 gms/litre.

6.5.1.2 Normally consolidated London clay

Normally consolidated London clay failure angles were as follows:(i) 38° at 1
day and > 38° thereafter (ii) 20.5° at 1 day and 32° at 6 days and thereafter
(iii) 32°. Only the 20.5° and 38° at 1 day results were associated with
disintegration of the mass at failure. The other failures were on a thin plane,
and the clay mass moved as a block. The voids ratio was found to have
reduced due to creep from 6.1, after one day of sedimentation, to 3.2 at 6 days

after sedimentation and thereafter, this was only seen to occur in the London
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clay mixed with London tap water. It will be argued in chapter 7 that a mass
disintegration of the clay bed is associated with maximum stress obliquity
failure mechanism and the failure on a thin plane as a block, Plate 6.2, is
associated with a no extension direction with coincident stress and strain

increment.

Figure 6.17 shows the sedimentation curve for London with an initial
concentration of 34 gms/litre. It can be seen that after one day the voids ratio
reached 6.1 which the same as the Kaolin; however a continuous reduction of
the voids ratio (creep) was seen to occur over the next five days which resulted
in a final voids ratio of 3.2; no further significant creep occurred after six days

of sedimentation.

6.5.1.3 Normally consolidated Kaolin and Salt

The sedimentation and completion of self weight consolidation were slowed.
However the voids ratio achieved 24hrs after pouring the slurry into the tank
was the same as for the Kaolin mixed with London tap water (e=6.1). No
creep was observed and the voids ratio remained at 6.1, this observation

extended over 18 days.

Failure angles were as follows: (i) 38° at 1 day and > 38° thereafter (ii) 22.5°

at 1 day and thereafter (iii) 32°.

143

OO U



6.5.1.4 Normally consolidated London clay and salt

The sedimentation and completion of self weight consolidation were slowed.
However the creep was accelerated so that it was virtually complete in one
day; the voids ratio after 24hrs after pouring the slurry into the tank was the
same as for the London clay mixed with London tap water left to creep for six

days or more (e =3.2).

Failure angles were as follows: (i) 38° at 1 day and > 38° thereafter (ii) 32°
at 1 day and 38° thereafter (iii) 38°. Note correspondence of (iii) to Kaolin

with London tap water.

6.5.1.5 Normally consolidated Kaolin and coagulant

Addition to Kaolin of the coagulant agent, Percol 155, in two different
concentrations of 0.0045 gms/litre and 0.0023 gms/litre had interesting effects
which were not influenced by the range of concentration quoted. The voids
ratio of the samples with added coagulant increased to 8.9 yet shear strengths
also rose very appreciably; there was no creep. Results for tilting tests at rates
defined above on normally consolidated samples were as follows: (i) angle of
tilt at failure in the range 53° to 60° (ii) angle of tilt at failure 39°-40° {iii) this
category was altered a little with two subdivisions: (a) rotation at 3°/day
started at an initial tilt of 30° or less, (b) rotation at 3°/day started at 32°

initial tilt. For (a) the failure angle of tilt was 48° whilst (b) failed slowly within

144



24 hrs at 32°; there was a further observation of interest: in connection with
(a) cracks appeared in the clay at a tilt of 34° which were oriented at 21° to
the bedding plane of the clay. These are illustrated in Figure 6.18 and will be
shown to be interpreted as Coulomb ruptures on maximum obliquity planes with
¢ = 42° when there is undrained sliding on a no extension direction parallel

with the angle of tilt, Section 4.6.

6.5.1.6 Overconsolidated Kaolin

Figure 6.19(a) shows the results of tilting tests on Kaolin which have been
resedimented and overconsolidated together with those of two load controlled
direct shear tests on overconsolidated samples. A wide range of tilting rates
was covered; no discrepancies, due to the tilting rate, suggesting undrained
conditions are seen. A linear relationship defines the lower limit of shear
strength and approaches the limit of normal consolidation with a failure tilt
angle of 38° (MSO), the shear strength of normally consolidated Kaolin with
the thixotropic component included. The limited data included some from DSA
samples which were not normally consolidated beyond the stress level for
which there is a thixotropic component; although the stress level is two orders
of magnitude higher and the voids ratios are significantly smaller (e = 2.4) there
is excellent agreement in the test results. Very limited data for samples
normally consolidated to higher levels suggest that this leads to a quantitatively
corresponding drop in the overconsolidation strength. The large scatter shown

in Figure 6.19(a) is due to the existence of several voids ratios in equilibrium at
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the same effective stress and overconsolidation ratio. If it is assumed that the
lower limit line shown represents a correct relationship between voids ratio and
overconsolidation ratio the other tilting test results can be corrected by
adjusting the overconsolidation ratio accordingly (Appendix B). This has been
done in Figure 6.19(b); however the improvement is perhaps misleading in that
the variation in voids ratio which is independent of effective stress appears to
be real at these very low stress levels. A similar type of variation has been
reported by Been and Sills (1981), who attributed it to different densities of
initial suspension prior to sedimentation. In this case variations in setting up
the downward seepage to cause consolidation seems a likely cause (Section
7.4.1.2). The correction clearly has limited validity and will not be used for
further analysis. On the other hand relationships between shear strength and
voids ratio for overconsolidated tilted samples seems established for this
particular swell back vertical stress (Figure 6.20). Figure 6.21 shows the final
voids ratios of all samples plotted against the maximum vertical stress. No

significant swelling was observed due to stress relief.

Figure 6.22 illustrates the effect of further consolidation and swell back periods
on the strength of overconsolidated Kaolin at these very low stresses. It was
found that a 2 hour further consolidation period gave much lower results than
the standard further consolidation period used (24 hours) indicating that the
samples had not reached equilibrium. However a swell back period of two
hours produced similar results to those obtained in the standard method used

(24 hours) indicating the limitations at this low stress level (0.05kPa).

146



6.5.1.7 Overconsolidated London Clay

Figures 6.23 and 6.24 also shows overconsolidated London clay tilting test
results. The general form is the same as for Kaolin but the linear lower limit
differs. The approach to the normal consolidation limit again coincides with
that for normally consolidated shear strength when the thixotropic component
is included at 32° (NED). The limited data included some from DSA samples
which were not normally consolidated beyond the stress level for which there
is a thixotropic component; once again although the stress level is two orders
of magnitude higher and the voids ratios are significantly smaller (e =2.6) there
is excellent agreement in the test results. Very limited data for samples
normally consolidated to higher levels suggest that this leads to a quantitatively
corresponding drop in the overconsolidation strength. Figure 6.25 shows the
final voids ratios of all samples plotted against the maximum vertical stress, no
significant swelling was observed due to stress relief. Figure 6.26 shows the
corrected overconsolidation ratios (as done for Kaolin, Section 6.4.1.6) versus
the angle failure. Again the correction clearly may haves limited validity and

will not be used for further analysis.

6.5.1.8 Overconsolidated Kaolin and Coagulant

Figures 6.27 and 6.28 shows the tilting failure angles for Kaolin with the
addition of coagulant when overconsolidated. The lower limit line again

intersects the normally consolidated limit at the tilting angle found for shear
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strength including the thixotropic component. Figure 6.29 shows the final
voids ratios of all samples plotted against the maximum vertical stress, no
significant swelling was observed due to stress relief. Figure 6.30 shows the
corrected overconsolidation ratios (as done for Kaolin, Section 6.4.1.6) versus
the angle failure. Again the correction clearly may have limited validity and wiill

not be used for further analysis.

6.5.2 The Shear Cylinder

Normally consolidated clays and dry dense Leighton Buzzard sand were tested
in the shear cylinder at the continuous rate of 4°/min. and incremental rate of
3°/day. The preparation of overconsolidated samples was not feasible with the
present apparatus and thus no tests were performed on overconsolidated
samples. Three cylinders of 80mm, 100mm and 150mm diameters were used
with Kaolin, and it was found that the cylinder size had no effect on the results
over this range of diameters. Tables 6.9 and 6.10 presents the results of these

tests and Plate 6.3.

It will be shown in Chapter 7 that all failures occurred on a no extension

direction with coincident stress and strain increments. In addition, the values

of the effective angles of friction (¢ ") were the same as those obtained in the

standard tilting tanks for both clays under the same test conditions.
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6.5.3 The Tension Test

Three overconsolidated Kaolin samples were tested in this apparatus. The
angles of tilts at failure obtained for all tests were 1°, and therefore very small
tensile strengths were recorded (0.0378kPa) which made the interpretations
somewhat difficult. The three tests were performed on samples consolidated
t0 a maximum vertical stress of Skpa and tested at a vertical stress equal to
self weight of the sample (OCR - o). This procedure of overconsolidation did
not allow specific overconsolidation ratios to be achieved and therefore a
relationship could not be established. At the very high OCR, swell back may

have broken particle bonds.
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TEST DISP. CIRCULAR WATER WATER N STRESS MSO

No. g, RATE or COMP. CONTENT (days) RATIO or ‘

i mm/min SQUARE (%) (v/o,) NED )

1 5 2 CIRCULAR LTW 89 1 0.40 MSO 22.0
2 5 2 CIRCULAR LTW 88 1 0.41 MSO 225
3 5 2 SQUARE LTW 89 1 0.41 MSO 225
4 5 2 CIRCULAR LTW 88 1 0.40 MSO 22.0
5 5 2 SQUARE LTW 80 4 0.41 MSO 25
6 5 2 CIRCULAR LTW 88 1 0.40 MSO 22.0
7 5 2 SQUARE 88 1 0.41 MSO 22.0
8 15 2 SQUARE D 71 1 0.41 MSO 22.2
9 15 2 CIRCULAR LTW 72 10 0.41 MSO 22.1
10 15 2 SQUARE LTW 71 1 0.41 MSO 22.5
11 20 2 SQUARE LTW 68 8 0.41 MSO 22.5
12 20 2 CIRCULAR LTW 69 1 0.41 MSO 22.5
13 20 2 CIRCULAR D 68 2 0.41 MSO 2.5
14 20 2 SQUARE LTW 68 1 0.41 MSO 22.5
15 20 2 CIRCULAR LTW 67 1 0.42 MSO 23.0
16 20 2 SQUARE LTW 69 10 0.40 MSO 21.8
17 20 2 CIRCULAR LTW 67 1 0.41 MSO 225
18 20 2 SQUARE LTW 67 1 0.40 MSO 22.0
19 50 2 CIRCULAR D 63 1 0.40 MSO 22.0
20 50 2 CIRCULAR LTW 61 1 0.42 MSO 2.8
21 50 2 SQUARE LTW 61 1 0.42 MSO 23.0
22 50 2 CIRCULAR LTW 62 1 0.42 MSO 23.0
23 50 2 SQUARE LTW 62 1 0.41 MSO 225
24 5 0.1 CIRCULAR LTW 89 1 0.39 MSO/NED 22.5*
25 5 0.1 CIRCULAR LTW 88 1 0.39 MSOMNED | 22.5*
26 5 0.1 SQUARE LTW 87 10 0.39 MSO/NED 22.5*
27 20 0.01 CIRCULAR LTW 68 1 0.38 NED 2.3
28 20 0.01 SQUARE D 68 1 0.37 NED 22.0
28 20 0.01 CIRCULAR LTW 69 1 0.38 NED 22.6
30 20 0.01 SQUARE LTW 68 1 0.38 NED 22.2
31 20 0.01 CIRCULAR LTW 67 1 0.36 NED 21.8
32 20 0.01 CIRCULAR LTW 68 1 0.36 NED 218

MSO=Maximum Stress Obliquity, Couiomb. NED=No Extension Direction with coincident axes of stress and strain increment.
LTW=London tap water. D=Distilled water. S=London Tap water with 35g/litre of Salt
N = Period of consolidation prior to testing. * = Expected ¢’

TABLE 6.2 DISPLACEMENT CONTROL DIRECT SHEAR RESULTS FOR
NORMALLY CONSOLIDATED KAOLIN
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TEST O, DIsP. CIRCULAR WATER WATER (N} STRESS MSO
No. (kPs) RATE or COMP CONTENT (days) RATIO or '
mm/min SQUARE (%) (rlo,”) NED (°
33 5 2 ) SQUARE LTW 101 1 0.36 MSO 20
34 5 2 SQUARE LTW 100 1 0.37 MSO 20.5
35 5 2 CIRCULAR LTW 80 7 0.55 MSO 29
36 5 2 SQUARE LTW 21 9 0.55 MSO 29
37 5 0.01 SQUARE LTW 99 7 0.34 NED 29
38 10 0.01 CIRCULAR LTW 66 7 0.49 NED 29
MSO = Maximum Stress Obliquity, Coulomb. NED =No Extension Direction with coincident axes of stress
LTW = London tap water. and strain increment.

N = Period of consolidation prior to testing.

TABLE 6.3 DISPLACEMENT CONTROL DIRECT SHEAR RESULTS FOR
NORMALLY CONSOLIDATED LONDON CLAY
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TEST KAOLIN OVERCONS- CIRCULAR WATER WATER STRESS MSO '

No. or O’ OLIDATION or COMP CONTENT RATIO or (°)
LONDON RATIO SQUARE (%) (rlo,”) NED
47 KAOLIN 2.5 2 SQUARE LTW 90 0.80 MSO 41.0
48 KAOLIN 2.5 2 SQUARE LTW 90 0.90 MSO 40.0
49 KAOLIN 5 1 CIRCULAR S 88 0.63 NED 38.7
50 KAOLIN 5 1 CIRCULAR S 90 0.63 NED 38.7
51 KAOLIN 5 1 CIRCULAR LTW 89 0.75 MSO 37.8
52 KAOLIN 5 1 CIRCULAR LTW 89 0.75 MSO 37.0
53 KAOLIN S 1 CIRCULAR LTw 89 0.78 MSO 38.0
54 KAOLIN 5 1 CIRCULAR LTW 90 0.75 MSO | 36.6
55 KAOLIN 5 2 CIRCULAR LTW 88 0.47 MSO | 25.2
56 KAOLIN 8 1 CIRCULAR LTW 86 0.41 MSO | 225
57 KAOLIN 10 1 CIRCULAR LTwW 80 0.41 MSO 22.5
58 KAOLIN 50 1 CIRCULAR LTW 62 0.41 MSO 22.5
69 LONDON 5 1 CIRCULAR LTw 100 0.77 MSO 37.5
60 LONDON 5 1 CIRCULAR LTW 100 0.82 MSO 39.5
61 LONDON 5 1 SQUARE LTW 101 0.63 NED 38.7
62 LONDON 5 1 SQUARE LTW 100 0.63 NED 38.7
63 LONDON 5.5 1 SQUARE Lw 100 0.63 NED 38.7
64 LONDON 5 2 SQUARE LTW 29 0.71 NED 45.0
65 LONDON 5 2 SQUARE LTW 100 0.73 NED 46.6
66 LONDON 8 1 CIRCULAR LTW 85 0.74 MSO 36.5
67 LONDON 10 1 SQUARE LTw 80 0.57 NED 35.0
68 LONDON 20 1 CIRCULAR LTW 70 0.53 NED 32.0
MSO0 = Maximum Stress Obliquity, Coulomb. NED =No Extension Direction with coincident axes of stress

LTW = London tap water.

D =Distilled water.

and strain increment.

S =London Tap water with 35g/litre of Salt.

TABLE 6.5 LOAD CONTROL DIRECT SHEAR RESULTS FOR KAOLIN AND
LONDON CLAY
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TILTING RATE 4°/MINUTE 3°/da
y
S K No. OF TESTS 8 6 3
P A
E O DAYS SINCE SED./CONS. 1 2 10 30 8
S L BEGAN
W
H N
| Tio’, 0.38 0.38 0.63
T
E PROPOSED FAILURE NED NED NED
@ ° (degrees) 225 22.5 38.7
VOIDS RATIO 6.1 6.1 6.1
L C No. OF TESTS 3 2 2 2 2 2 -
o L
N A DAYS SINCE 1 2 3 4 5 6 -
g Y SED./CONS. BEGAN
N rlo°, 0.35 | 0.45 | 0.49 | 0.53 | 0.58 | 0.63 -
PROPOSED FAILURE NED | NED | NED | NED | NED | NED .
@’ (degrees) 19.5 | 26.7 | 29.3| 32 | 35.5 { 38.7 .
VOIDS RATIO 6.1 | 56 | 4.9 | 4.1 3.4 | 3.2 -
L B No. OF TESTS 10 5 -
E U
| P4 SAMPLE HEIGHT 20mm 10mm -
G 2
H A ] i
T R 1l0, 0.89 0.89
0O D
N [} ‘ 48° 48° -
S
A PROPOSED FAILURE NED NED -
N
D VOIDS RATIO 0.52 0.52 -

NED =No Extension Direction with coincident axes of stress and strain increment.

TABLE 6.9 SHEAR CYLINDER RESULTS FOR NORMAL CONSOLIDATION.
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TILTING RATE 4°/MINUTE
K S No. OF TESTS 2 2
A A
O L | DAYS SINCE SED./CONS. 1 2106
|L T BEGAN
N
Tlo”, 0.38 0.38
&
PROPOSED FAILURE NED NED
@ (degrees) 22.5 22.5
VOIDS RATIO 6.1 6.1
L & No. OF TESTS 2 1 1 1 1 2
o}
N S DAYS SINCE 1 2 3 4 5 6
D A SED./CONS. BEGAN
0O L
N T )
1o’ 0.63 | 0.63 | 0.63| 0.63 0.63 0.63
c
L PROPOSED FAILURE NED | NED | NED | NED NED NED
A
A\ ©° (degrees) 38.7 | 387 | 38.7 | 38.7 | 38.7 38.7
VOIDS RATIO 3.2 | 3.2 | 3.2 3.2 3.2 3.2

159

NED=No Extension Direction with coincident axes of stress and strain increment.

TABLE 6.10 SHEAR CYLINDER RESULTS FOR NORMAL CONSOLIDATION.
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Figure 6.12(b) Load control direct shear results for London clay
displacement for each increment of loading
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Figure 6.12(c) Load control direct shear results for London clay
displacement for each increment of loading
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Plate 6.1 Tilting and Failure of Kaolin in the Standard Tilting Tanks
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Plate 6.2 Tilting and Failure of London Clay in the Standard Tilting Tanks
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Plate 6.3 Tilting and Failure in the Shear Cylinder
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CHAPTER 7

DISCUSSION AND INTERPRETATION OF RESULTS

7.1 Introduction

Essential information on possible failure mechanisms and thixotropy has been
given in Sections 4.6 and 6.2 respectively; this information is necessary for the
discussion and analysis of the results. A brief analysis of the results obtained
using the SSA and the Tension test will be dealt with first as they do not
provide any positive conclusions; accurate vertical loads could not be measured
for the SSA (Sections 4.3 and 6.4) and realistic overconsolidation ratios could
not be obtained for sample used in the Tension tests (Section 6.5.3). The rest
of the this Chapter will be dedicated to the results obtained using the DSA, the

standard tilting tanks and the shear cylinder.

7.2 Simple Shear Apparatus

Although vertical load measurements were inaccurate due to the effect of
bending in the load cell (Section 4.3) the stress ratios at failure (r/o,) for
constant height tests (Section 6.3) were in agreement with the values obtained
in the displacement control DSA, 7/0,," = 0.2 and as reported by Airey (1984)
testing the same clay in the Cambridge simple shear apparatus). This indicated

the ability of the SSA, with accurate vertical load measurements, to be used for
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testing soils at low stress levels. Dyvik et al. {1987) have shown that a
properly set up SSA would have been suitable, and could be modified to

measure pore pressure allowing constant load tests to be performed.

7.3 The Tension Test

The three tests performed on the extremely highly overconsolidated Kaolin gave
a tensile strength of 0.0378kPa, which can be considered as a negative
conclusion indicating a very small cohesive strength. Similar tests were carried
out by Ajaz and Parry (1975) where the behaviour of two clays, compacted
with standard Proctor effort at different moisture contents ranging from below
to above optimum, was observed in direct tension and bending. They measured
tensile strengths ranging from 60 to 100 KN/m? for moisture contents ranging
from 31% to 22% respectively. A direct comparison of results is not possible
as the sample preparation was vastly different specially as Ajaz and Parry
(1975) did not consider or quantify the stress level. Another important factor
which made the results unsuitable for further analysis is that the procedure of
overconsolidation used for the tension test did not allow specific
overconsolidation ratios to be achieved and therefore a relationship could not
be established. Also, at the very high overconsolidation ratio, swell back may

have broken particle bonds.
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7.4 Direct Shear Apparatus, Standard Tilting Tanks and Shear Cylinder

The interpretation of data will be split into sections according to the relevance
of the data to particular topics. For the first six sections the data from tests on
sedimented samples will be standardised in that the preparation of these

samples will have been by hand mixing in London tap water (LTW).

7.4.1 Consolidation / sedimentation behaviour

7.4.1.1 Direct shear Apparatus

The voids ratios measured in the DSA for normally consolidated Kaolin agree
well with the Kaolin consolidation curve obtained in the standard oedometer by
the author and by Dalili (1990), Figure 6.13. The voids ratios measured in the
DSA for London clay also agree well with the consolidation curve obtained in

the standard oedometer (Figure 6.14).

7.4.1.2 Tilting tanks

The sedimentation curves shown in Figures 6.16 and 6.17 for both Kaolin and
London clay respectively show a typical behaviour of both clays during
sedimentation, consolidation and creep. Kaolin reaches an equilibrium after 20
hours (e =6.1) whilst the London clay develops a voids ratio of 6.1 within 24

hours and continues to creep for six days reaching a voids ratio of 3.2. The
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initial unit weight of both slurries was 10.22 KN/m?® for a dry mass of clay of
0.75 Kg. Similar voids ratios were obtained for Kaolin at an initial unit weight
of 10.44 KN/m® (1.5 Kg initial dry mass). Been and Sills (1981), Sills and
Thomas (1983), Elder and Sills (1985) and Edge and Sills (1989), carried out
detailed study of the behaviour of clay during the sedimentation consolidation
processes. Been and Sills (1981) carried out a series of test in which a mud
slurry of a known unit weight (10 - 12 KN/m® was introduced into acrylic
settling columns. They monitored the density throughout the column and

measured the pore pressure and total pressure at specific points.

Kaolin and London clay showed similar behaviour to that observed by Been and
Sills (1981) for the same concentrations, they measured an average voids ratio
of 6 and 3.2 after 48hrs and 315hrs respectively and concluded that there is
no unique void ratio corresponding to zero effective stress. Voids ratio was
later shown by Sills and Thomas (1983) to be dependent on the initial
concentration and deposition (load application) rate, the higher the rate of
deposition of a given mass of sediment, the more compacted is the resulting
settied mud layer. They attributed this to the fact that a slow deposition rate
allows individual flocs to achieve a higher strength (due to a time dependent
behaviour; thixotropy as seen and suggested by the author) before being loaded

by sediments arriving later.

Intentionally coagulated Kaolin resulted in a higher final voids ratio (e=8.9),
whilst Kaolin with salt (35g/litre) resulted in final voids ratio of 6.1, similar to

that in London tap water. London clay with salt resulted in a voids ratio of 3.2
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within 24hrs and no further reduction was seen to occur due to creep. Elder
and Sills (1985) observed similar behaviour due to addition of a coagulating
agent and a dispersing agent (salt is also a dispersing agent). They observed
that the addition of a dispersing agent resulted in a final denser settled layer of
mud although some fine material stayed in suspension for a long time; whilst
the addition of a coagulating agent cleared the overlying water more
successfully but was actually less efficient in thickening, resulting in a less

dense settled layer of mud.

Overconsolidated Kaolin and London clay showed a large scatter in the
measured voids ratio (Figures 6.21 and 6.25). This can be attributed to the
rate of application of the vertical stress during further consolidation. Similar
behaviour was observed by Edge and Sills (1989); their experiments were
performed in a similar apparatus to that used by Been and Sills (1981) using a
slurry containing sand silt and clay, however they produced layered sediments
by varying the rate of sediment application and the initial density of the slurry
1o existing settled layers of mud. From these experiments they observed that
sand falls quickly from the first sediment input of the day to the surface of the
existing bed, and there forms a thin high-density layer above the much lower
density clay. Thus despite its lower density, the clay clearly has sufficient
strength to prevent the penetration of the sand. This is in contrast to the
behaviour later in the day, when the sand falls through the top few millimetres
of the existing bed, mixing with the silt and the clay to produce a bed of
reasonably uniform density. This implies that the shear strength of the clay has

increased overnight. They concluded that the increase in strength was due to
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aging. In the case of further consolidation for the experiments carried out by
the author the magnitude of stress increment and the intervals between stress
increments will therefore influence the final voids ratio obtained, as a large
increment of stress application would result in destroying the existing structure
and lead to further consolidation, whilst a small magnitude of stress application

at a slow rate will result in the minimal level of consolidation occurring.

This research programme did not consider measuring coefficients of
permeability or consolidation as this would have been difficult with the present
apparatus at the very low stress levels considered. However pore pressure
measurements in the DSA and the large variation in the testing rates allowed
accurate deduction to be made on the state of the soil during shearing (drained
or undrained). Nagaraj (1968) measured both the coefficients of permeability
and consolidation for both dispersed and flocculated Kaolin at large range of
stress levels (5.4 - 860 kPa) and reported some variation of both coefficients
with stress level, however no relationship could be established from his results

due to the scatter in the coefficients at the reported stress levels.

7.4.2. Data establishing the credibility of the tilting test

Normally consolidated resedimented Speswhite Kaolin tilted at 4°/min (Section
6.2) failed at a tilt of 22.5° to the horizontal when the tilting was carried out
more than 24 hrs after the clay slurry was poured into the tank. This was

established in 24 tests; the range of tilt angle results was + 0.5°. According
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to conventional infinite slope stability analysis under drained conditions (Section
6.2) this tilt angle is equivalent to ¢ “ as the sliding occurs on maximum stress
obliquity planes (MSO) (Section 4.6). Data for the same clay tested in the
Cambridge Simple Shear Apparatus and in the Cambridge True Triaxial
Apparatus give ¢ ~ as 22.5° and 23° respectively for mean normal stress levels
from 80kPa up to 600kPa (Borin 1973 and Pearce 1970). The mean stress
level in the tilting tests was about 0.05kPa with the void ratio 6.1. This is an
excellent correlation; drained conditions will be confirmed in Section 7.4.4, and
further analyses in Sections 7.4.5 and 7.4.9 provide even stronger support for

the use of conventional infinite slope analysis here.

Normally consolidated resedimented London clay tilted at 4°/min failed at a tilt
angle of 20.5° 1 day after the clay slurry was poured into the tank. This was
established in 5 tests; the range of tilt angle results was + 0.5°. At this time
the voids ratio was also 6.1. This corresponds to the 20.5° for ¢ * reported by
Gibson (1953) for experiments carried out in the shear box and 21° for ¢°
obtained in the triaxial apparatus by Bishop et al. (1965) for normally

consolidated London clay.

7.4.3. Data on the effect of aging through creep

In the next 6 days creep in the normally consolidated London clay reduced this
voids ratio to 3.2, thereafter no further reduction could be discerned. Tilting at

the same rate (4°/min.) after this reduction in voids ratio had taken place
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yielded 32° which does not correlate obviously with any known results for
normally consolidated London clay. The increase might be attributed entirely
to creep. However subsequent sections will show that only in a limited sense
is this increase due to creep, and also that the rupture orientation has changed
to the no extension direction associated with pre-failure straining with
coincident axes of stress and strain increment (NED). Nevertheless the gain in
shear strength due to creep is considerable and achieved in a mere 6 days,
thereafter no further increase was observed in tests up to 22 days after

sedimentation.

In contrast there was no evidence of creep in the Kaolin, that is no change in
voids ratio and no increase in the shear strength which remained at 22.5° for
tilting at 4°/min for tests up to 33 days after sedimentation. It proved
invaluable in subsequent interpretation of data to have tested two clays one
with marked creep effects and the other with none. One strong contrast in
behaviour can be noted immediately; at any age greater than 1 day all unsaited
London clay failures were on a very thin layer whilst the mass of the material
remained entirely intact; whereas all unsalted Kaolin samples totally

disintegrated on failing.
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7.4.4. Data on the effect of rate of tilting

Three rates of tilting were adopted: (i) very fast =15°/second (ii) 4°/min (iii)
3°/day. Normally consolidated Kaolin yielded these angles of tilt at failure,

which have been interpreted as ¢ ~ values: (i) 34° at 1 day, 38° at 2 days and

thereafter (ii) 22.5° at all times (iii) 38°. The coinciding values of very fast and

slow rates of tilt show that all rates resulted in drained shearing; no pore water
pressures were generated before failure. The evidence of no pore water
generation is shown by the results provided by varying the intermediate tilting
rate between 10°/min. and 1°/min. (Figure 6.1) in order to measure the
frictional strength component (minimum angle of tilt at failure, Section 7.4).
Below 6°/min. it was found that the angle of tilt at failure was the lowest
obtained by varying the rate of tilt and remained constant below this tilting rate
and therefore any pore water pressure generation would result in a lower angle

of tilt at failure for a K, normally consolidated clay.

Normally consolidated London clay failure angles were as follows: (i) 38° at 1
day and >38° thereafter (ii) 20.5° at 1 day and 32° at 6 days and thereafter
(iii) 32°. Only the 20.5° and 38° at 1 day results were associated with
disintegration of the mass at failure. The other failures were on very thin layers
and may be associated with dilation which would be expected as creep halved
the voids ratio in 6 days. The very high and somewhat variable angles of tilt
achieved by very fast tilting after 1 day (up to 61°) cannot be shown to be due
to achieving the same drained shear strength as very slow tilting tests after 1

day, even with full allowance for the maximum change in rupture layer
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orientation which will be inferred below. The change in voids ratio has had a
further effect: permeability has decreased so that in these very fast tilts
negative pore pressure is generated thus increasing shear strength. However
evidence from tests on London clay described in Section 6.2, where the rate of
tilt was varied between 1°/min. and 10°/min. indicated that a rate of tilt of
4°/min. allowed the drained shear strength to be measured. Additional
evidence is provided by differing angles of tilt at failure for samples of different
thickness. Two thicknesses of 25mm and 50mm were tested, and failure tilt
angles for the thicker sample were 6° greater indicating a larger negative pore
water pressure associated with a longer drainage path. Interpretation of these
London clay results is aided by a careful comparison with the Kaolin data
above. Kaolin tilted slowly never failed at a lower angle of tilt than that
achieved in very fast tilt under drained conditions after 2 days. Yet in the
London clay the tilt angle in slow tests was always lower than that achieved in
arapid test at 1 day which may be considered drained indicated by the variation
of the intermediate continuous rate of tilt, Section 6.2. This deficiency is even
more remarkable because creep has halved the voids ratio for the slowly tilted
samples. The anomaly can be explained by proposing that at ages greater than
1 day the tilt angle at failure in the London clay for rates (ii) and (iii) was
determined by the orientation of the no extension direction for continuum strain
with coincident axes of stress and strain increment under undrained conditions
(NED). Thus the failure tilt angle of 32° corresponds to a ¢ * of 38.7° which
is satisfyingly close to the 1 day very fast tilt angle of 38° which in turn is
equal to the angle achieved without creep by Kaolin after 2 days in both very

fast and slow tilts. This interpretation will be supported by further data and a
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logical picture of the mechanisms determining rupture orientation will be
presented in Section 7.4.9. There is a further consequence of this
interpretation: the change in voids ratio is controlied in some way by the
thixotropic strength at one day. When the creep is over this component of
strength has been stabilised so that it can not be destroyed by pre-failure strain
yet the overall maximum strength of the material has hardly increased at all

despite the massive decrease in voids ratio.

7.4.5. Data from direct shear tests determining the effects of load and

displacement control

Hypodermic pore pressure probes in the direct shear samples allowed the
results to be stated reliably in the terms of effective stresses', Figure 4.4
shows that the positioning of the probe was not critical although every effort
was made to locate on the central plane. The probes could also be used to
determine a rate slow enough to assure drainage. The results of two tests for
normally consolidated Kaolin are shown in Figure 7.1; these two samples have
been consolidated to the same vertical normal stress, and then one has been
sheared by constant lateral displacement whilst the other has been sheared by

lateral load applied in small discrete increments at 24hr intervals. Assuming

! Although the measured negative pore pressures (below atmospheric) for the London clay test remained
negative, tests on the Druck transducer (Appendix C) showed that when negative pore pressure is applied to
the Druck transducer and slowly removed over a long period of time the zero reading of the Druck transducer
shifted and remained negative. This is believed to be due the diaphragm in the transducer being unable to
behave linearly at small negative pressures, however when either larger pressures (negative or positive) are
applied or negative pressures removed quickly the transducer behaves linearly and no zero shift is seen. This
phenomenon was not detected during positive pressure application, and the manufacturers warned that this zero
shift may be seen when using the transducer to measure negative pressures.
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that the ratio of shear stress to normal effective stress on a horizontal plane is
tan ¢~ (MSO) the value of ¢~ for the two tests are 22.5° and 38.0°
respectively. These values correlate excellently with the tilting test results even
though the stress level is two orders of magnitude higher. The absence of
negative pore water pressure in the displacement control tests and the higher
shear resistance under load/stress control shows that the increased strength is
thixotropic; the nature of thixotropy as revealed by this research will be
analysed in Section 7.4.8. When the vertical normal effective stress was
increased to 10kPa the stress controlled result returned to ¢ "= 22.5°. This

shows that the stress range in which thixotropy occurs in Kaolin is limited.

Similar tests on normally consolidated London clay at 5kPa vertical effective
stress yielded ¢~ values of 29° and 39.5° for displacement and load/stress
control respectively (Figure 7.2). For reasons to be given in Section 7.4.9 both
ruptures are held to have oriented with maximum stress obliquity (MSO). The
rise in ¢~ from 20.5° to 29° is due to creep, Section 6.3. The remainder is
clearly thixotropic. In London clay the loss of the thixotropic component is
delayed until the vertical effective stress has reached 8kPa and then occurs
gradually; when the vertical effective stress is 20kPa ¢ ° is still increased at
32° (Section 7.4.9) as compared with 29°(Figure 7.3). Full thixotropic
strength is maintained up to 8kPa, and is in very ciose correlation with the

tilting test results.
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7.4.6. Data from overconsolidated samples

Figure 6.19(a) shows the results of tilting tests on Kaolin which have been
resedimented and overconsolidated together with those of two load controlled
direct shear tests on overconsolidated samples. A large range of rate of tilting
was covered; no discrepancies due to the tilting rate suggesting undrained
conditions are seen. A linear relationship defines the lower limit of shear
strength and approaches the limit of normal consolidation with a failure tilt
angle of 38° (MSO), the shear strength of normally consolidated Kaolin with
the thixotropic component included. The limited direct shear data included
come from samples which were not normally consolidated beyond the stress
level for which there is a thixotropic component. Very limited data for samples
normally consolidated to higher levels suggest that this leads to a large
quantitatively corresponding drop in the overconsolidation strength. The
considerable scatter shown in Figure 6.19(a) is due to the existence of several
voids ratios in equilibrium at the same effective stress and overconsolidation
ratio. If it is assumed that the lower limit line shown represents a correct
relationship between voids ratio and overconsolidation ratio the other tilting test
results can be corrected by adjusting the overconsolidation ratio accordingly,
Appendix B. This has been done in Figure 6.19(b); however the improvement
is perhaps misleading in that the variation in voids ratio which is independent
of effective stress appears to be real at these very low stress levels. A similar
type of variation has been reported by Been and Sills (1981), they attributed it
to different densities of initial suspension prior to sedimentation (Section 7.4.1).

In this case variations in setting up the downward seepage to cause
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consolidation seems a likely cause. The correction clearly has limited validity
but nevertheless the same effect can be seen in London clay (Figure 6.26) and
Kaolin with coagulating agent (Figure 6.30). On the other hand relationships
between shear strength and voids ratio for overconsolidated tilted samples
seems established (Figure 6.20). Figures 6.23 and 6.24 also show
overconsolidated London clay tilting test results. The general form is the same
as for Kaolin but the linear lower limit differs. The approach to the normal
consolidation limit again coincides with that for normally consolidated shear
strength when the thixotropic component is included at 32° (NED). The results
of overconsolidated London clay suggest the existence of cohesive bonds,
which may be proportional to the effective vertical stress, as angles of tilt

exceeded 45°,

Results for tests on overconsolidated Kaolin in the tilting tanks where the
consolidation and swell back periods were varied, Section 6.5.1.6, are shown
in Figure 6.22. The results clearly indicate that a period of 2hrs is not sufficient
for full consolidation to occur, whilst a similar period for swell back seems
sufficient indicating a very limited application of short term consolidation and

swell back.
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7.4.7. Data from non standard sample preparations

For samples where distilled and de-ionised water was used instead of tap water
no effects were noted. However the addition of salt (to imitate sea water) or

a coagulating agent to Kaolin suspension yielded some interesting results.

(i) Addition of salt

As already indicated (Section 6.5.1.3) Salt was added to the Kaolin suspensions
to imitate sea water (33-35 gms/litre). Sedimentation and completion of self
weight consolidation were slowed. However the void ratio achieved 24hrs after
pouring the slurry into the tank was the same as for Kaolin mixed with London
tap water (e=6.1), Section 7.4.1. No creep was observed and the void ratio

remained at 6.1.

For normally consolidated Kaolin failure angles were as follows: (i) 38° at 1 day
and >38° thereafter (ii) 22.5° at 1 day and thereafter {(iii) 32°. Only the
22.5° and 38° at 1 day failures agree with the results obtained from mixing
with ordinary London tap water. The other failures are on very thin layers,
indicating the possibilty of local dilation. After 1 day angles of tilt at failure in
very fast tests are in excess of 38°; indicating negative pore water pressure
generation, a new feature for Kaolin. Again as with London clay it can be
proposed that the failure was determined by concentrated pre-failure shear
strain on the orientation of the no extension direction for continuum strain with
coincident axes of stress and strain increment (NED). Thus a tilt angle at failure

of 32° is equivalentto ¢~ =38.7°.

212



Load controlled DSA results on normally consolidated Kaolin at 5kPa with a salt
concentration of 35 gms/litre also yielded ¢~ =38°. Failure occurs with a
similar mechanism where ruptures are held to have oriented with no-extension
direction associated with coincident axes of stress and strain increment during

undrained shear (NED), Section 7.4.9 (tests 49 and 50, Table 6.5).

Paradoxically the effect of salt on London clay appears to reduce ductility with
time. It also accelerates creep so that it is virtually complete in one day and
therefore resulting in the preservation of thixotropic strength (Section 7.4.3).
Failure angles were as follows: (i) 38° at 1 day and >38° thereafter (ii) 32°
at 1 day and 38° at 2 days and thereafter (iii) 38°. Only the 32° at 1 day
result was on a very thin layer as the clay was still sufficiently ductile and
therefore influenced a failure on the NED. The other failure were associated
with disintegration of the mass at failure. The results are summarised in Table

6.8.

(i) Addition of coagulating agent

Addition to Kaolin of the coagulant agent, polyacrylamide, in concentration of
0.0045 gms/iitre and 0.0023 gms/litre had interesting effects which were not
influenced by the range of concentration quoted. The voids ratio of the

samples with added coaguiant increased to 8.9 yet shear strengths also rose

" very appreciably; there was no creep. Results for tilting tests at rates defined

in Section 7.4.4 on normally consolidated samples were as follows: (i) angle of
tilt at failure in the range 53° to 60° (ii) angle of tilt at failure 39°-40° (iii) this

category was altered a little with two subdivisions: (a) rotation at 3°/day
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started at an initial tilt of 30° or less, (b) rotation at 3°/day started at 32°
initial tilt. For (a) the failure angle of tilt was 48° whilst (b) failed slowly within
24 hrs at 32°; there was a further observation of interest: in connection with
(a) cracks appeared in the clay at a tilt of 34° which were oriented at 21° to
the bedding plane of the clay. These are iliustrated in Figure 6.18. The failure
at 32° and the cracks appearing at 34° suggest that shear at these tilts is
associated with a minimum shear strength with no thixotropic component. The
data can be given a coherent explanation which fits within the limits of
attainable accuracy as follows: the failure at 32° is by undrained sliding on a
no-extension direction which is slow and interrupted because it generates a
negative pore water pressure which arrests the sliding until more water is
sucked into the thin shear layer thus weakening it to give more sliding and so
on. On this basis ¢ “ = 38.7° which fits well enough with the 4°/min result if
this is a maximum obliquity slide (¢ "= 39°-40°). The cracks seen at a tilt of
34° (see Figure 6.18) can then be interpreted as Coulomb ruptures on
maximum obliquity planes with ¢ "= 42° occurring when there is undrained
sliding on a no extension direction parallel with the angle of tilt, Section 4.6.
These ruptures are apparently visible in coagulated Kaolin as coagulation seems
to magnify this phenomenon which may also occur in Kaolin in salt water and
London clay, at a much smaller scale. This can be seen as representing a
partial failure when almost all the thixotropic strength has been destroyed (39°-
40° was recorded for the tilt rate which has eliminated all thixotropy in
previous tests). The full failure was probably prevented by the development of
negative pore water pressure along the no extension line rupture layer, which

stopped the shearing and allowed thixotropic strength recovery. Subsequently
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the intervals between increments were sufficient to allow full thixotropic
recovery. The correlation achieved by considering the orientations of the short
Coulomb ruptures is illustrated in Figure 6.18. Section 7.4.9 will present an
overall interpretation of the orientation of rupture layers using new data as well
as that already discussed. Possible evidence of positive dilation at failure is
found in the high failure angles of tilt reported for very fast tilting (563°-60°);
these comfortably exceed the rate (iii) results and suggest that negative pore
water pressure was generated in this Kaolin in spite of the high voids ratio,
whilst there was no evidence of generation in Kaolin mixed with London tap

water at a lower voids ratio (see Section 7.4.4).

Figure 6.27 shows the tilting failure angles for this clay when overconsolidated.

The lower limit line again intersects the normally consolidated limit at the tilting

angle found for shear strength including the thixotropic component.

These findings might not be repeated for London clay or any clay that exhibited

creep; further work is needed.
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7.4.8. Deductions from data on the mechanism causing thixotropy

Thixotropic shear strength is conceived as a component of shear strength which
is destroyed by strain at a constant or increasing rate with respect to time; this
means that it will never be recorded in displacement controlled shear tests on
normally consolidated clays. The direct shear data reported in Section 7.4.5
bears this out in that for both clays the load/stress controlled tests yield much
higher shear strengths at the 5kPa stress level. Above this stress level the
differences in shear strength measured in the two types of direct shear test
decrease, rapidly for Kaolin and steadily for London clay. The phenomenon of
thixotropic shear strength is confined to low stress levels. It is related to
structural features of the clay which appear to be destroyed by increasing
stress level such as coagulations of particles which enclose large voids.
Various suggestions and measurements have been made (Utomo and Dexter

1981, V.I. Osipov et al. 1984).

The ultra low stress levels of the tilting tests have allowed the measurement of
thixotropic shear strength through two orders of magnitude of stress to the
level of the direct shear tests. In the Kaolin there is very clear correlation, the
angles of shearing resistance at both stress levels correspond very well: 38.0°
including thixotropy and 22.5° excluding thixotropy. The high shear strength
found in the very rapidly continuously tilted bed needs considering; if no pore
water pressure was generated, and the failures were stress controlled, ¢° =
38° is found, and this matches exactly that found for all incremental tests

when including the thixotropic component. Arthur (1991) has suggested this
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is entirely consistent with thixotropy provided no inelastic strain was generated
before failure in the very rapid tilting and the Poison’s ratio is 0.5 as for

instance in rubber.

Such elasticity over such a large shear stress range is only possible if the
straining process is extremely viscous so that the strain that can occur in the
2.5 second tilt to failure is within a strain threshold for damage to soil
thixotropic structure. Evidence of such threshold and strong strain viscosity
can perhaps be seen in the stress paths of Figure 6.3(a). This relies on pore
water pressure generation as there are no direct measurements of strain; at first
shear stress increases without any appreciable pore water pressure generation
(r = 0.2kPa the increment adopted of the DSA tests) and then the faster test
which reaches failure in 75 seconds shows a much slower initial rate of pore
water pressure generation (with respect to r) than the test failing in 600
seconds. The first feature may be taken as evidence of a stiff elastic strain
range and the second for a very strong viscous restraint on strain during this
range and then during the degradation of the thixotropic soil structure, because
on the basis of drainage time available the rates of pore water pressure
generation should have been reversed for these two tests. This interpretation
treats the stress ratio displacement plot in Figure 6.2 as unrelated to the stress

strain relationship at small strains.

Failure of the thixotropic structure is governed by a stress ratio regardless of
failure mechanism (MSO for tilting tanks, NED for tilting cylinder). The pseudo-

frictional nature of the thixotropic strength component through two orders of
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magnitude change in effective stress shows that all the strength can be
represented by @, without defining the nature of the thixotropic bonding.
Rapid tilting after different number of days at rest showed no increase in
thixotropic strength after one day for Kaolin. With ¢ ° = 38° there might be
a potential for dilation. Figures 6.11(a) and 6.12(a) shows the generation of
negative pore water pressure following a rise in positive pore water pressure
which raised the stress ratio close to the failure level, but there is no

measurement of negative pore water pressure at failure as would be expected.

In London clay the data is complicated by the influence of large creep
components; much the largest occurs at the ultra low stress levels in which the
voids ratio is halved in 6 days, but there is still a reduction in the void ratio of
0.3 in 6 days at the 5kPa level of the direct shear tests. Nevertheless there are
striking parallels. At 1 day after sedimentation the voids ratio is 6.1 as for
Kaolin and very rapid tilting leads to the same failure angle 38°; there is an
implication of similar structures and mechanics in the two clays but thereafter
creep at this ultra low stress level is severe and appears to convert all the
thixotropic component to shear strength unaffected by strain rate. In contrast
at the 5kPa stress level only a proportion is converted by the smaller creep
effect. The concept of thixotropy being associated with dilatancy may be
supported by the observation that Kaolin, when treated with a coagulating
agent which severely increased its voids ratio, demonstrated an apparent
capacity to develop a significant negative pore water pressure which was
parallelled by London clay when tilted very fast at ages greater than 1 day after

sedimentation. The behaviour of London clay was less surprising because creep
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had imposed a large reduction in voids ratio but the reverse was true for the
effect of the coagulant on the Kaolin so the significance of overall voids ratio

appears minimal in relation to structure.

The lines of minimum tilting angle for failure with overconsolidationratio shown
in Figures 6.19(a), 6.23 and 6.27 all indicate a lower limit of the increase in
shear strength as overconsolidation decreases and normal consolidation is
approached: this limit is the normally consolidated shear strength including the
full thixotropic contribution as a stable component. There seems to be an
implication here that the first effect of voids ratio decrease under applied
effectiv.e stress is to stabilise the structural features that are associated with
thixotropy so that these can survive strain to failure without special loading
restrictions. Indeed in the ultra low stress level the creep in the London clay
seems to have been controlled by the thixotropic component before it; however
this thixotropic component ceases to exist beyond a vertical consolidation
stress of bkPa in the case of Kaolin, and starts to reduce beyond a vertical
consolidation étrgss of 8kPa in the case of London clay producinga ¢ ° of 32°
at a vertigél | consolidation stress of 20kPa. Further evidence of this
phenomenon is provided by the displacement controlled DSA results on
overconsolidated Kaolin (within the thixotropic range) sheared at a rate slow
enough for pore pressure not to develop, (Tests 41 and 42, Table 6.4), so pore
pressure measurement accuracy is not essential, Section 6.2. This yielded a
@~ of 39°, and for reasons to be given in Section 7.4.9 ruptures are held to
have oriented with the no-extension direction associated with coincident axes

of stress and strain increment during undrained shear (NED).
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7.4.9. Rupture layer orientation

The types of shear test in this study do not allow the direct determination of
principal stress directions at failure, but, as reported in Section 7.4.2, reliable
¢ ° values have been determined for the two clays at Cambridge and Imperial
College in displacement controlled apparatuses in which principal stresses were

fully defined.

For Kaolin and young London clay, values correlate excellently with tilting and
direct shear data when taking the mechanisms of failure as Coulomb slip on
planes of maximum stress obliquity (MSO), (Table 6.7, top section); there are
only two exceptions in direct shear for subsequent explanation. Coulomb
failure occurs over a surface on which there is maximum stress obliquity and
which may act as a boundary between a yielding or failure zone and non-
yielding zone. In the tilting tests all soil above this boundary will fail and this
is shown by the mass disintegration of the soil in the tilting slope failure; this
might be called brittle behaviour. Figure 6.2 contrasts the shear stress -
displacement curves for Kaolin in direct shear at different displacement rates;
one of these represents the exceptions mentioned above. These exceptions are
for the slow rate of displacement in which large pre-failure strain allows a
simple shear to develop in a layer aligned with a no-extension direction in
undrained shear (no volume change at failure, Figure 6.4) with coincident axes
of stress and strain increment (NED), thus providing a failure mechanism (James
and Bransby (1970), Roscoe (1970)); this might be called ductile behaviour.

However the intermediate displacement rate of O.1Tmm/min. yielded a failure on
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a plane in between MSO and NED; this can be explained by the fact that failure
can be influenced by both strain and stress state and subsequently critical state
is reached with a rupture layer is at an intermediate orientation. London clay
behaviour (Table 6.7, 2™ section) confirms this analysis, at one day the tilting
test samples fail by disintegration thereafter éll tilting samples remain intact at
failure as the upper mass slides on a thin pre-strained and weakened layer. The
form of failure, disintegration or intact sliding has been found an infallible guide
to the orientation of the failure (MSO or NED) in normally consolidated clay. In
overconsolidated tilting tank samples the exposed sliding surfaces were very
smooth for London clay but rough and irregular for Kaolin. These observations
and the relationships shown in Figures 6.19(a) and 6.23 suggest that the NED

orientation for London clay and the MSO for Kaolin were maintained.

Rupture Layers correlate excellently on the basis of the proposition that the
failure criterion can be represented by a given angle of friction alone and that
these ruptures orient either parallel to planes of maximum stress and or no
extension directions with coincident axes of stress and strain increment. The
no extension directions can then be related to principal stress directions under
conditions of constant volume shear (zero angle of dilation); in saturated clays
shear under undrained conditions and at the critical state, Section 4.6. Failure
will occur at constant volume, the condition is readily identified without precise
local strain measurements. The proposition that the clays behave entirely as
frictional materials (implying ¢ =0 or is proportional to the effective vertical
stress and subsumed into ¢ °, Section 4.6) at failure even when the thixotropic

strength is present requires the break up of the thixotropic bonding to lead to
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always fails on a thin layer with an intact mass sliding above it, whereas the
normally consolidated clay mass disintegrate at failure. Normally consolidated
Kaolin does not creep and so has no capacity for stable pre-failure dilation.
Thus the tilting tank tests on normally consolidated Kaolin are uninfluenced by

pre-failure strain and fail on maximum stress obliquity planes.

In the tilting cylinder test the end restraint is completely removed and the
thinness of the layer of material trapped below the sliding plane defined by the
bottom of the cylinder further encourages a thin layer of pre-failure simple shear
as in the long shear box described by Jewell & Wroth (1987). Here the
influence of pre-failure strain is enhanced by the boundary conditions for even

the relatively brittle Kaolin samples to rupture on no extension directions.

The imposed conditions in the Direct Shear Apparatuses are less restrictive so
that either stress or strain control at failure seems likely to be possible. Tests
in this apparatus have shown that either brittle or ductile behaviour can be
induced depending on the stress path. Brittle behaviour being unaffected by
prior strain leads to rupture on maximum stress obliquity. This brittieness is
brought about by the rapid rise in pore water pressure during undrained
displacement controlled shear, and can be brought about by thixotropic regain

in incremental loading.

MSO occurs frequently in the tilting tank because the lower tank end restrains
simple shear. An effective staged local softening movement which vitiates this

restraint involves first shear in a thin layer at constant volume eventually
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generating negative pore water pressure, second the arrest of this shear
through the strengthening action of the negative pore water pressure and third
the dissipation of the pore water pressure by water inflow to the localised layer
of high shear whilst there is a general regain of thixotropic strength. This
sequence has to be repeated in pre-failure conditions so that the rate of loading
must be sufficiently slow and the clay sufficiently ductile. This phenomenon
is also observed for Kaolin with salt, where the salt results in the reduction of
the permeability which can be seen in the very fast standard tilting tests, on
normally consolidated Kaolin with salt, failing at large angles due to negative
pore pressure generation brought about by the reduction in permeability as seen
with normally consolidated London clay tested at the fast rate in the standard
tilting tanks after creep has occurred (Section 7.4.3). A demonstration of the
effect of end restraint is provided by tests carried out in the shear cylinder,
Section 6.4.2. Results for dense and strongly dilatant Leighton Buzzard sand,
voids ratio 0.52, are as follows: (i) normal tilting tank failed at a tilt of 48°,
Dalili (1991), (ii) tilting cylinder failed at a tilt of 41.5° + 0.5° which is along
a coincident no extension direction for the expected angle of dilation 20°. The
two types of test on the normally consolidated Kaolin with and without salt
yield corresponding angles 22.5° and 20°, whilst Kaolin tilted at 3°/day failed
at 32° in the shear cylinder and at 38° in the tilting tanks; the difference
approximately fits the same interpretation given shear with no volume change.
Finally normally consolidated London clay with and without salt at ages greater
than six days showed no difference in the angle of tilt for the two types of

tilting test: both failed at a tilt of 32°(NED).
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CHAPTER 8

CONCLUSION AND RECOMMENDATIONS FOR FURTHER WORK

8.1 Conclusions

Three major pieces of apparatus were used in this research programme (DSA,
SSA and the tilting tanks) which allowed tests to be performed on soil at low
and very low stress levels. Modifications carried out on the standard DSA and
SSA have been relatively easy and inexpensive considering today’s technology.
The DSA has allowed a large versatility in the testing conditions, both
displacement and load control tests can be carried out with great accuracy by
incorporating measurements using simple electronics and computer methods
which are easy to operate, as well as accurate variations of displacement rates.
The most important improvement is provisions for internal pore pressure
measurements. The SSA has a great potential of use at the same stress levels
used in the DSA either when the vertical stress measurement is improved, or
major modification carried out to allow for pore pressure measurements as used
by Dyvik et al. (1987). The tilting tanks were much cheaper and very easy to
modify, and as many as twenty were used simultaneously in this research
programme. Normally consolidated and overconsolidated samples can be
prepared in the standard tilting tanks at very low stress levels (0.05 kPa).
Whilst only normally consolidated samples were prepared for the shear cylinder
test, it is feasible to use it for overconsolidated samples. In all tilting tests the

rate of testing can be varied easily and even very fast smooth tilting can be
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performed (= 15°/second).

The sedimentation / consolidation behaviour in the tilting tanks for both clays
showed that there was no unique void ratio at zero effective stress, initial
dispersion of the clay slurry resulted in a denser clay bed, whilst the addition
of a coagulating agent resulted in a less dense clay bed, and the passage of
time since sedimentation / consolidation often resulted in a stronger clay bed
which is in agreement with observations made by others (Been and Sills (1981),

Edge and Sills (1989)).

Simple correlations have shown that the lower bounds of drained shear
strengths, measured, for both normally consolidated and overconsolidated clay,
in the tilting tanks and shear cylinder relate, directly to those measured at
effective stress levels three orders of magnitude higher in the DSA. The
effective angles measured for Kaolin and London clay were 22.5° and 20.5°
respectively. These have also been established at Cambridge using the Simple
Shear and the True Triaxial Apparatus for both clays (Borin (1973) and Pearce
(1970)), and at Imperial. Upper bound shear strength at these low stress levels
has a large additional thixotropic component which was quantified by applying
very fast loading or discrete load increments at specific rates, so that the full
thixotropic strength would not be destroyed due to constant or increasing rates
of strain loading occurring under load applications, and in the latter case
recovery of full thixotropic strength could take place between increments. This
component of strength was shown to be pseudo-frictional in that it was

proportional to effective normal stress and resulted in an increase of the
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effective angles of friction for normal consolidation to at least 38° for both
Kaolin and London clay. This increased angle of friction was maintained from
0.05kPa to 5kPa normal effective stress. This fact and other aspects of
behaviour noted in the experiments suggest that thixotropic strength may
results from unsustainable dilatancy as flock bonds break irregularly. Any small
degree of overconsolidation made this dilatancy sustainable within this stress
range which allowed displacement control to quantify this component, and a
linear relationship has been established which defines the lower limit of

overconsolidated shear strength for both Kaolin and London clay.

The correlation with existing shear strength measurements and the wide variety
of tests conducted has yielded solid interpretations of tilting test data in relation
to rupture layer orientation. In both the DSA and the tilting tanks rupture
occurs either on maximum stress obliquity planes or along the no extension
directions associated with coincidence of axes of stress and strain increment.
However some tests in the DSA (displacement control tests run at the

intermediate rate) indicated that rupture can occur in between MSO and NED.

The fact that shear parameters measured were either equal or higher than those
measured for resedimented clay samples at higher stress levels is especially
encouraging. The lack of undrained testing is not considered to be a serious
practical limitation on usefulness because even in the normally consolidated
material with thixotropic strength there was no evidence of positive pore water
being dominant, whilst there was evidence of significant negative pore water

pressures being developed.
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The absence of creep beyond 7 days after sedimentation was gratifying in that
there is a possibility of simulating natural clay formation in a reasonable time
frame. Burland (1990) supports this interpretation not withstanding the views

expressed by Casagrande (1932).

8.2 Recommendations for further work

The apparatus as used in this research programme and further modifications
could be utilised to perform further tests under a variety of conditions to extend
the understanding of the behaviour of clays at low and very low effective stress

levels. The following are some suggestions for further work:

Direct Shear Apparatus

The existing DSA has been used very successfully in this research programme.
Further modifications could be carried out to allow for both displacement
control and load control tests to be carried out sequentially during each test by
switching from displacement to load control or visa versa. Displacement control
and load control cyclic tests could easily be performed in the DSA with some
minor modification on both the apparatus and the computer programmes

responsible for control and data acquisition.

More data on both normally consolidated and overconsolidated clay are required
in the DSA at the higher effective stress levels (5kPa), particularly under load

control mode, to investigate the mechanism causing thixotropy and therefore
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quantifying more accurately both positive and negative pore pressures. Further
work is also required to allow a better understanding of failure mechanism in

both the displacement and load control modes.

Standard Tilting Tanks

The standard tilting tanks have proved to be an invaluable testing apparatus for
clay at very low effective stress levels. However the use of this apparatus in
this research programme has not exhausted its versatility. The effect of
vibration on a clay bed can be very easily studied by introducing known
vibration to the tank, and even preforming load control cyclic tests under
different manners of loading by modifying the tilting mechanisms to allow for
the tanks to be tilted in a variety of directions. Computer control could also be
adopted to allow for more accurate and continuous tilting. Pore pressure
profiles at the bottom of the clay bed during further consolidation could be
established by using more than one stand pipe placed at different locations over

the bottom area of the tanks.

Shear Cylinder

Simple modifications would allow overconsolidated samples to be prepared and
tested in the shear cylinder as in the standard tilting tanks, and similar
improvements as those described above for the standard tilting tanks could be

adopted to allow for more accuracy and versatility of testing conditions.
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Simple shear apparatus

The existing SSA used in this research is unsuitable for testing soils at the low
stress levels adopted in this research, especially when performing constant
height tests. An NGI SSA would be more suitable and when slightly modified
could be used to perform load control tests as in the DSA. Modification to

allow pore pressure measurements is possible as used by Dyvik et al. (1987).

There may be ways of accelerating the aging effects due to chemical change
at these stress levels by using heat which could easily be adopted in the tilting

tanks as well as in the DSA.

A variety of clays could be easily investigated in these apparatuses as the

procedures are not labour intensive, and so would allow a data bank covering

diverse soft seabed soils to be established.
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