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ABSTRACT

Aspects of the development and design of a large scale model test
facility are presented. The test facility is capable of prepafing
relatively large beds of clay under variable controlled conditions,
and of carrying out three-dimensional model footing tests under
combined vertical and horizontal loading.’ Important features are the
ébility to produce an increase of strength with depth in the clay bed,
and to accommodate large displacements and rotations of the footing

during test.

The tests form part of an integrated research programme into soil-
structure interaction in relation to offshore o0il production gravity
platforms in environments similar to that of the Noxrth Sea. ‘They are
on a scale intermediate between those of more usual soils laboratory,

and full-scale prototype, testing.

The preliminary design of a scheme which would have allowed testing under
plane strain conditions at working stress levels is described briefly.

.A review of the investigation of this approach centres on a study of the
influence of the tank walls. This is found to be such that, for the
scheme pr0poé;a, significént modification of plane strain behaviour could
have been expected. It was partly because of this that the plane strain

approach was discontinued and the three-dimensional scheme proposed.

In order to confirm design and performance objectives for the three;
dimensional test facility, pilot footing tests were undertaken using
beds of clay prepared in a 229 mm oedometer. These tests and their
results are discussed, and lead to recommendations for modification to

the approach to the development and operation of the 1arge facility.
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CHAPTER 1

A FRAME OF REFERENCE

1.1 AN OVERVIEW

The work described in this thesis formed part of an integrated
programme within the Structures and Soil Mechanics sections of the
Civil Engineering Department at Imperial College. It involved the
development of a test facility capable of preparing relatively large
beds of clay under controlled conditions and of carrying out model
footing tests under combined vertical and horizéntal loading.

Together with complementary analytical studies and basic soils testing,
bed preparation and footing tests aim, in the first instance, to
provide information about aspects of soil-structure interaction in
relation to offshore oil production gravity platforms in environments

similar to that of the North Sea.

The underlying geotechnical theory behind the design of the test
facility was provided by those members of the Soil Mechanics section
associated with the project, and a detailed presentation of it falls
outside the scope of this thesis. Where it is impoftant to the
understandingw;f the work based on it, a skeletal presentation of
geotechnical theory is given. Otherwise, reference is made to
original work being carried out at the present time, or to appropriate

established sources.

The work falls loosely into several main sections dealing with the '
design brief and its development, the computer studies of a proposed
scheme, and the design of the adopted scheme, along with associated

pilot tests to confirm the design specification.
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1.2 BACKGROUND

Raft type footings for éil prodﬁction gravity platforms currently
being.placed in the North Sea are of the order of 106 metres -in |
diameter and 50-70 metres thick, and transfer large vertical and
horizontal forces to the sea bed, Figure 1. The volume of
foundation material ﬁobiiised in thé support of such structures is
‘large indeed. Even on land, conventional structures of this size
would provide unusual design problems. These are compounded in the

case of offshore structures by two additional factors.

The structures arevéubjécted to repeaﬁed‘horizontal c?Clic loads
fesulting from wave action, which are large in relation to the dead
weight of the structures. Theselcause'ecéentric foundation loads
and lateral shear forces, which, together with‘varying pressures on
the sea bed around the.structureé, deﬁgrmine contact pressures, and
foundation stability'ana deformation. Given typical periods of
wave loading; conditions in the foundation under the bulk of the

. raft aré undrained. Unaer these conditions, dense éand can lose
étrength and loose éand Can>liquefy and cause collapse of the
structure (§9ed andiIdriss,lQ?l, Seed and Lee, 1967). In clays,
changes in pore préééufe may lead to permangnt, possibly detrimental,

modification of behaviour (Sangrey et al, 1968).

Additionally, the structures are complete prior to placemént on the
sea bed, and are thus subject to initial lack of fit betweén the
structures and their foundations. Locally this is due to unavecidable
unevenness of the sea bed, and to the provision of skirts and non-

planar bases for stability and structural efficiency. On a larger
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scale it is caused by a need to compensate for sloping of the

sea bed.

The difficulties of predicting contact pressure distributions

between raft and fOundation, of predicting pore pressure build-up

and dissipation, and efhassessing the effect of cyclic change in
épplied stresses are increased in tﬁis case by the scale of therraft.‘
Stresses and strains are induced in the foundation to a depth of
perhaps twice the footing diameter, over which depth marked changes
in foundation material and properties can_reasonably be expected to
occur. The situation is further EOmplicétea by the uncertainties
involved in determining foundation properties, either by in-situ

testing, or by taking of samples for laboratory testing.

' The effects of these dissimilarities between offshore structures and
those on land are not well understood. "Much pioneer ﬁork has to

be done before one can reaeh a.quality level in soilverploration,

soil testing, and design procedﬁres whichvis in proper propértion

to the importance, cdst,fsize, and risks invoired in these structures"

(Bjerrum, 1973, p.355).

1.3 SOIL~-STRUCTURE INTERACTION PROJECT

It was to increasexthe degree of confidence with.which design of
offshore structures could be undertaken and their long-term viability
assessed, that the research programme, of which the mbdel'*foqting
‘testing forms part, was proposed and sponsored. The méin elements

of the programme are as follows.
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A computer program (Hamza, 1976) based on the finite element
'teéhnique of analysis, is being extended to allow analytical
éxamination of both gravity (static) and cyclic wave (dynaﬁic)
loading of a foundation. The appropriate non-linear constitutive
relationships for the foundatién material to be used in the analyses
are to be based on existing knowledge of North Sea bed socil types,
supplemented where necessary by special tests. In this context,

as a first step, a programme of cyclic testing of a typical clay is
‘being carried out (Hight, 1977) as the.determination of behaviour of
soils under cyclic load involves the determination of the deformation
characteristics at typical stress levels and stress changes, and under
appropriate drainage conditions. More deneral investigation and
assessment of the typical clay are also being carried out

(El-Ghamrawy, 1977).

Existing laboratory techniques, using simple shear, triaxial and
oedometer equipment,lcannot fully reproduce complex conditions in the
soil under a raft foundation. Therefore a hollow cylinder apparatus
is being developed_to provide deformation characteristicsvunder

more representative conditions.

The large scale model footing testing is té provide the link between
the analytical studies and the basic soils testing. It will use
"as foundation material the clay tested in the solls laboratory,
prepared undef similar conditions. The results will provide a
means of assessing the predictive capacity of the coﬁputer program
incorporating constitutive relationships derived from soils
laboratory tests performed with uniform stresées applied to the soil

specimens.
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The model footing test has the advantage that it can reproduce quite
closely conditions within the soil under a raft. It can, therefore,
by itself, provide useful information about behaviour for a given soil
and a given loading history. It has the disadvantages that it is
not easy to prepare a complex foundation, that results are influenced
by the boundaries of the tank containing the soil bed, and that some
types of loading (e.g. random dynamic) are not easily produced in the

laboratory situation.

The footing testing is therefore seen as being able, for simple
foundations and manageable loadings, to provide some basic information,
and, more importantly, to aid in assessing the computer program, whiéh
can, once proven, readily cope with complex (and more realistic)

foundation and load types.

1.4 ° THE MODEL TESTING PROGRAMME

Early consideration of the model footing testing eliminated a fully
;igorous dimensional study (Rocha, 1953, Roscoe, 1968, Massey, 1971).
For a linear scale of even one to one hundred of model to pretotype,
certain conditions of similitude would have meant fundamental differences
in model behaviour compared with that of the prototype. In texrms of
permeability and particle size, a prototype foundation of sand would

have meant a clay bed in the model. Prototype relative soil stiffness
(clay or sand foundation under a concrete raft) would have required

rock to be used in the model. A wave period ¢of ten seconds in the

field would have meant a prohibitively short period of one tenth of a

second for model loading. In order for model tank boundaries to exert

no influence, the tank would have had to have been extremely large.



14

It was therefore decided that it would be desirable to model closely
conditions in the soil in the field, bylusing foundation materiéls
representative of those occurring in the upper zones of the sea bed,
and subjecting these to stress levels and stress changes similar to
those under prototype structures. The speed of testing was to ensure

that drainage conditions were reproduced.

"The response of a prototype structure to wave action is amenable to’
solution once the foundation characteristics (and wave forces) have
been established, or estimated with sufficient accuracy. A review of
methods is given by Haggett (1974). Thus the experimental work was
simplified by representing the strﬁcture by a simple plate of
appropriate relative stiffness, and by subjecting this plate to vertical
and eccentric horizontal loads. In the‘first instance the plate would
be plane. Lack of fit, with only local effects on the foundation
unlikely to affect ultimate behaviour (Clausen, 1973, Bishop and
Vaughan, 1974) are far more critical for raft desigﬁ. Skirts
influence resistance to sliding by effectively founding the structure
in a subsurface (and hopefully stiffer) stratum, ahd.this increase in
sliding stability can be éllowed for in model soil bed preparation.

It is planned that a later development in the test érogramme will
include full instrumentation of the model footing, to allow detailed
contact pressure distributions to be obtained. This will allow lack

of fit and skirt penetration problems to be studied.

Two forms of model footing testing have been considered; plane strain
(two-dimensional), in which the conditions under the central portion
of the raft would be reproduced by a strip footing, and three-
dimensional (3D). Both have merits and disadvantages. 1In the Plane
strain approach, the number of variables under consideration is

reduced, present soils laboratory testing can provide satisfactory
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non-linear constitutive rélationships, computer studies are easier to
formulate and more economical to rﬁn, and closed form solutions are
available for many conditions (Eoulos and Davis, 1974). The threg-
dimensional approach has the advantages that no idealisation 6f loading
or extrapolation of results to a real situation is necessary, and that

boundaries can be made to have less influence.

Preliminary computer aﬁd other investigations sﬁowed that for the

two—dimensionél, plane strain, testing the influence of the sides of -

the tank could be significant, and that development of a facility to
.fully utilise the potential of the more controlled conditions would

be too costly and lengthy for the sponsored programme.

The three-dimensional testing is seen as a shortér—term compromise solution,
_which will provide much needed information about foundation behaviour. in
:a reasonable time scale. It will provide basic data and a frame of
reference for the development and interpretation of plane strain testing.
For axisymﬁetrié loading at least, radial stress non-linear computer
studies can be checked. Then in a preliminaiy way,-three—diﬁensional
linear computer studies can provide insights into more complex behaviour

than can be physically modelled. A planned modification of the tank

by-partitioning will allow pilot plane strain tests to be carried out.

The design specification for the three—dimeﬁsional footing testing and
sample preparation was based on soils:laboratory testing data. Many
parameters were examined and confirmed during the design/fabrication
stage using a (modified) 229 mm diameter oedometer apparatus available
in the soils laboratory. Testing and development of both structural
and soils related components of the tests were carried out on a small

scale whenever possible prior to full scale fabrication or production.
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CHAPTER 2

PLANE STRAIN MODEL TESTING PROPCSAL

2.1 INTRODUCTION

Early in the developménf'of mode1 testing proposals the decision

was taken to evaluate a plane strain approach. The reduction of

a real three—dimensional.situation:to a two-dimensional one allows

a focussing on some cbnditions by the specific exclusion of others,
such as the lateral contact stress distribution, the effects.of sharp
corners of non-circular footings; and the effect of 1aterél eccentricity
of load due to arbitrary horizontal loading. Average.conditions can
be examined for 1ate£ extfapolation and modification. In general, a
narrow tank can facilitate eitﬁer visual or other examination of the
deformation within the‘soil or at its outer boundary, progressively,
at pre-failure loading levels (é.g. X-ray, Roscoe, 1970; photographic

exposure, Spencer, 1964, Butterfield and Andrawes, 1972).

2.2 OBJECTIVES

The tests were envisaged as concentrating primarily on working load
conditions rather than ultimafe loads, and were to be on a scale

larger than that ailowed by radiographic technique constraints

- (Roscoe, 1970). It was hoped to be able to measure or derive

directly from the model test data, bearing and shear stress distributions
at the underside of the footing, strain and pore pressure distributions
and deformation fields within the soil, and boundary stresses. The

influence of consclidation on these was alsc to be studied.
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Rather than construct a model of the whole structure and apply
vertical and horizontal loads to this, a stiff plate would be used
to transmit loads to the soil. The loading levels were to be
appropriate to the sensitivity of the measuring/recording systems,

and to gravity platform loading levels.

The soil tested would initially, for ease of handling, be dry (sand)
but later tests would incorporate a cohesive material (clay, Kaolin)
with adequate provision for improved drainage during consolidation.

In the case of sand, surcharge loading would be applied.

2.3 BASIC LOADING LEVELS

In order to produce sqil beds similar in strength and deformation
characteristics to those found in the North Sea ﬁed (Hight, 1977);
the following stress levels were adopted on a trial basis for the

investigation of the proposal.

Overconsolidating pressure: 350 kPa
Long-term surcharge'(sand): 100 kPa

Long-term surcharge (clay): o]

On a practical 1evei, the overconsolidating pressure corresponds
closeiy to the maximum pressure that can be appliea through liquid-
filled bags. It Was.proposed to use these rather than rigid plates
(which could transmit higher stresses) in 6rder to ensure uniformity
of consolidating pressure rather than of surface settleﬁéné. The
long-term surcharge of the sand is necessary to produce realistic
behaviour under test cénditions which is dependent on mean stress

levels.



18

The average and peak fluctuating plate stresses given below
corréspond to those under typical platforms under working conditions

(Clausen 1973, Eide, 1974).

Average vertical plate stress: 250 kPa
Average horizontal shear stress: - +100 kPa

Peak fluctuation of vertical stress: +100 kPa

2.4 PMODEL FOOTING

Given the proposed level of footing loading, a-general.arrangément was
devised for the model strip footing incorporating a minimﬁm of eight
individual strips, in order to allow some determination of contact
presSure distributions. Various methods were considered for
measuring.the load, and load distribution, on a strip, including
those reviewed by Bransby (1973), and one inqorporating pressure
pads between strips (giving shears) and between strips and a rigid
supporting plate (giving vertical loads). For preliminary study,
an adaption of the Cambridge contact stress transducer was adopted,
Figure 2. In order that strain levels in the strain bars should be
reasonable (500-1000 microstrain at full load) withdut the bars
becoming too slender, a strip size of 75 mm leng by 5OO mm wide was
decided upon. The model footing size therefore bécame a minimum of

600 mm long by 500 mm wide, Figure 2.

2.5 MODEL TANK

Studies carried out by Davachi (1977) using the finite element program
developed by Hamza (1976) had shown that for the end walls and the
base of the tank to have insignificant influence on conditions in the
region of the footing, these must be of the order of three times the

footing length from the footing centre line. This dictated a tank
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elevation of approximately 3.5 metres long by 2.0 metres high
(allowing 250 mm freeboard to the soil) based on-the footing lenéth
of 600 mm. The footing width of 500 mm had automatically set the
tank width. A tank of this size holds over 3 cubic metres of soil,

weighing in the region of 6 tonnes.

The walls of the tank would be subjected to lateral pressures.from

the soil. The levels of these are determined by two conditions;
initial consolidation, giving a uniform distribution along the length
of the tank at any depth, and footing test, when lateral pressures
arising from vertical and horizontal footing loads are superimposed

on initial stresses remaining after vertical consolidation pressure

has been removed, or reduced.

Computer studies carried out to give information about sample behaviour
under footing loads (see 2.6) gave lateral pressure distributions. As
an example, those for the case of sand (including surcharge) are

given in Figure 5.

For both conditions of lateral loading, clay gives more severe lateral
pressures than sand, because of a higher value of tﬁe coefficient

of earth press;re at rest, Ko' Table 1 summarises_ﬁhe average (or
‘equivalent uniformly distributed) lateral pressures on the walls of

the tank in the region of the footing. These were used for

preliminary tank design.

A review of lateral displacements of tank walls in plane strain
experiments on both model footings and retaining walls showed wide
variation in accepted values, Table 2. For the purposes of

preliminary design of the tank, two conditions again were recognised;
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consolidation and footing loading. In view of the anticipated
more critical role of lateral displacements during the footing
tests, a stricter limit was adopted for this phase than during

consolidation, Table 1.

When a tank design was prepared, governed by these load and

deflection criteria, a rather massive structure resulted, Figure 3.

2.6 PLANE STRAIN COMPUTER STUDY

As part of the evaluation of the plane strain pioposal, compﬁter
studies using the prcposea’tank geometry and loading leveis were
carried out to aécertain likely levels of stress, strain and
deformation for bothFSAnd;and clay. footing plate thickness was
determined on the basié of thevnon—dimensional coefficient for

relative plate stiffness -

a 2
E 1-v A .
K = £ ¢ g ) ('E )3 {Boswell and Scott, 1975),
Er 1—V2 R

;_P
with K initially set ééual to 10, a value representative of prototype
relative stiffness ‘ﬁight, 1977). Ep; vp are the elaétic constants
for the platé:"t aﬁd R are the thickness and radius of an equivalent

circular plate. E; and v _ are soil constants.

The computer progrém (Hamza, 1976) allowed non-linear finite element
analysis under plaﬁevstrain conditions. A relatively_fiﬁe mesh

was set up, Figure 4. Initial stresses, baSed on propoéed
consolidation sequence, were set at the start of coméutation. Loadings
{surcharge ana plate) were applied incrementaily to allow closer
modelling of the non-linear behaviour characteriétics. Soil

moduli and Poisson's ratio adopted are given in Table 3.
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The program output gives, among other values, stresses and strains
at the Gauss points and at the centre of elements. Displacements

are given at the node points.

2.7 CONCLUSION

The plane strain approach to testing was investigated and a preliminary
scheme was developed for model footing and tank. The computer studies
undertaken were to haﬁeAprovided réalistic estimates of footing and
soii behaviour to facilitate'design of the model footing, the tank and
instrumentation. In the gvent, lateral pressure distribufions were
used for preliminary design of the tank. Surface deformation
distributions, Figure 6, for sand, together with éstimated'laﬁeral
displacements of tank walls, weré used in subsequent‘computer studies
of fhe effects in three dimensions of lateral displacementé and side

friction of tank walls (see Chapter 3).

On the basis of theselsubsequent studies and other iﬁvestigatiohs the
plane stxain approach,'cqncentrating-on pre-failure conditions and
relying on idealisation of loading and extrapolation of results to a
real situation, was‘béssed over in favour of a three—dimensional
approach.concernedjpiimarily hith ultimate conditions, for which loads,
stresses, strains énd deformation levels are conveniently higher. The
plane strain test evaluation did, however, provide much useful
information and a frame of reference for the design of the three--

dimensional scheme.
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CHAPTER 3
SIDE BOUNDARY LATERAL DISPLACEMENTS AND FRICTION

IN PLANE STRAIN EXPERIMENTS

3.1 INTRODUC’i‘ION

In laboratory experiments where it is intended to reproduée conditions
of plane sﬁrain, such as occur for example under central portions of
long engineering structures, complications can arise in conseguence

of the inability of side boundaries to behave as would soil in a
continuum. Under plane strain conditions there is between one
section and the adjacent one a balancing of lateral pressures which
precludes lateral deformation, and a compatibility of displacements
which eliminates shearing stresses. In the test situation, side_
boundaries are neither totally free from lateral displacements in the

presence of lateral pressure, nor perfectly frictionless.

The possible limitations of the laboratory situation have long been
recognised, and various means have been adopted in the design of
experiments to either minimise the effects of side boundaries or to

measure them.

In order to make an independent assessment of the possible significance
of side boundary lateral displacements and friction for the plane
strain tests considered (see 2.2), a computer study using a program
incorporating three-dimensional finite elements was carried out, and
stress, strain and deformation fields were compared withvthose existing

under plane strain conditions.
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3.2 REVIEW OF PREVIOUS WORK AND ATTEMPTED SOLUTIONS
3.2.1 Introduction

A large part of the experimental work done under plane strain
conditions has been concerned with the behaviour of retaining walls.
Nevertheless, the problems encountered and the measures adopted to
ovefcome them are also appropriate to a consideration of footing tests.
Thefe are some differences in conditions, the possible importance of
which is not altogethexr clear. Walls are often rotated about fixed
axes, whereas footings are allowed overall freedom of movement;

movements of walls, especially--in the active pressure mode, are small

compared to those associated with footing failure.

The experimental work falls loosely into two categories; that in
which forces and deformations of the wall or footing are of prime
concern, and that in which conditions within the soil at pre-failure

are of interest.

When a study-of wall (or footing) behaviour has been the object of
the experiment, a relatively simple solution has been to make the
width (W) of the wall large in relation‘to its height (H), and thus
make side boundaries remote. Typical of this approach is the
expérimental work on walls by Rowe and feaker (1965) in which a wall
1.8 m long by 0.45 m high (w/ﬁ = 4) was used in the study of passive
pressure with sand. Side boundaries weré made quite stiff and
precautions were made to reduce their fri&tion. Nevertheless, the
slip failure outcrop, quite straight in the central region, showed
marked curvature in the outexr 200 - 300 mm, demonstrating the
modifying influence of the side boundaries. Rowe and Peaker also

seem to have been the first (for a historical review, see Kerisel, 1972)
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to adopt the refinement of dividing the wall (or footing) into
discrete sections, so that load distribution between central and
outer sections could be identified and assessed. In this case,
passive pressure readings in the central third of the wall were
consistently found to be 25% less than those in the outer‘thirds,
again demonstratingAthe influence of side friction in the outer

regions adjacent to the boundaries.

This techhique of dividing walls and footings into sections has now
been refined to the stage where the wall or foop;ng facé becomes a
mosaic of load trénsducers (Roécoa, 1970), so that a quite detailed
contact stress distribution can be obtained. The results have not
always‘been as conclusive as those of Rowe and Peaker, particularly
in smaller models where smaller contact stress transducers allowed |
less averaging out of stresses. Non-uniformity of bed preparation
has been identified in footing tests as the more likely cause of
irregularities in stress pattern (Tennekoon, 1970). Generally,
though, there has been a trend of lower stresses being recorded in
central regions of walls and footings (James, 1965,  Bransby, 1968
Dick, 1973, Milligan, 1974). For width to height ratics (W/H)

for walls (width to length (W/L) for footings) of greater than

2 to 3, reasonably uniform behaviocur has been found in a central

region (Berry, 1965, Barden and Berry, 1965, Bransby, 1972).

It has not always been possible to design experiments on a scale in
which side boundaries are remote (in terms of width tq height ratio).
This has been so in the case of the small scale model studies developed
around the technique of x-ray photography of lead shot targets

embedded in soil samples. Once a model for soil behaviour has been
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formulated, thei#¥ lead shot mOVeﬁents allow calculation of strain and hence
stress fields in the soil at bre-failure and failure states

(James, 1965, Roscoe, 1970). With this experimental technique, the
overall width of the sample plus side boundaries becomes a‘significant
factor in the design, in order to allow adequate resolution in the

x-ray photos. The need to keep the side boundaries thin and
reaSonably‘tfanSParent to x-rays, increases their flexibility and
precludes use-of some of the friction reducing techniques. The
consequences of this pctentiél increase in side boundary effects are
compounded by the need to reduce the sample width. In order to
maintain a high degree of resolution of vertical (for walls) or
longitudinal (for footings) contact stress cistributions, the height

or length respectively, cannot.be much decreased, and so W/H and W/L
ratios are reduced (to 0.6 - 1.7 (Arthur and Roscoe, 1965, Roscoe, 1970))
with corresponding reduction in the region possibly unaffected by side |

boundary effects.

3.2.2 Lateral Displacements

The influence of side boundary 1ateral displacements, when not ignored,

has been evaluated independently of side boundary fricticn, as the

control of one does not necessarily reduce the other. At the inception

of small scale model work at Cambridge,'it was found in investigations
vwhere glass side wall thickness was variéd from 6 mm to 16 mm for otherwise
identical retaining wall ekperiments with sand, that " ... the effect on
experimental results of varying the rigidity of the side plates ...

[:is:] ... surprisingly large and suggests that the magnitude of the
intermediate stress O has a considerable effect upon the behaviour

2
of the soil" (Arthur and Roscoe, 1965, p.363). Subsequently, attempts
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have been made to reduce side wall deflections to insignificant

levels, both by increasing glass thickness and by decreasing span
lengths as much as possible without physically interferring with
the x-ray procedure. A summary of measured deflections is given

in Table 2.

The influence of these displacements on the experiments has been
impossible to evaluate, as comparison tests in the presence of walls
of different stiffness were not carried out. The further reduction

of displacements would in any case have made radiography impossible.

In the field of footing tests, Ko and Davidson (1973), aware of
previous shortcomings of tanks for soil in terms of lateral

stiffness, designed a braced tank which had very small latefal
displacements. In each series of footing tests wifh sand, when

some of the across-tank bracing was removed, lateral displacements
increased twelve-fold and bearing capacitiesvof the footings dropped

to levels between 25 and 45%.below the avefage values in similar braced

tests, depending on whether fodting faces were rough oxr smooth.

3.2.3 Side Friction

The attempt:to reduce side boundéry friction has been a feature of
both large and small scale tests. Detailed investigations of the
effecf of friction have generally been associated with small scale
tests where the significance or otherwise of the frictional stresses
has been found to depend on which parameters are being measured.
Bransby (1973) and Beasley (1970) have shown that—for retaining wall
tests with sand under passive conditions, side friction will increase
the magnitude of the force on the wall, but will only slightly alter

the relationships between wall normal and shear forces and the depth
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of action of the total force. The slip outcrop is essentially
straight, and shows no difference at the edges. Early work
by Arthur and Roscoe (1965) showed only small differences in
centre-line and edge displacements in a 100 mm wide sand bed
behind a retaining wall. Le#d shot were placed in a grid in

the sand along the centre-line of the tank, and the movements of
theée recorded radiographically during the retaining wall test.
Nylon hemispheres were placed along the glass face in the same
gfid‘as the lead shot, and their movements photographed. Negatives
" were made compatible with the x-ray phoﬁos. " The movements at the
face and internally were compared and found to show no significant
variations. The conclusion drawn was that side  friction has

negligible effect.

While not disputing that there is insignificant variation in
behaviour across the width of the tank in these experiments,

Rowe (1972) and Kerisel (1972), among others, argue thatvthere is

no proof that the.influence of side friction is not uniform across
the narrow tanks, in the presence of the stiff displacement boundary

that the retaining wall represents.

Burland and Roscoe (1965’ report work by Hambly - into the effect of
side boundary friction in an'apgiatus for preparing a bed of
normally consolidated clay for footing tests. ‘ Previous work with
oedometers had shown that for diameter to height ratios of
approximately 4 the effects of side friction could be minimised

'by smearing the walls with silicon grease. In this case, width

to height was less than 0.6.  Load applied by a piston to a clay

in a‘tube was compared to the load applied by the clay to a locad

cell at the other end of the tube. Figure 7 shows the results of
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tests with and without silicon grease treatment of walls. Quite
significant changes in sample loading can result when a high

proportion of load is carried by side wall friction.

A computational approach to the problem of side friction is
presented by Bfansby and Smith (1973). This approach utilises

the method of characteristics attributed to Sokolovski, and was
applied to retaining walls. The results of the study broadly
confirm those of experimental studies in terms of the significance
of width to height ratios, thé influence on coefficients of active
and passive pressure, and the small influenéé of side friction on
the deformation field and tﬁe shape of the rupture planes. Although
the méﬁhod is not applied to footings, it can be modified to footing
conditions. In this context, Bransby and Smith comment that side
friction is likely to have a much greater effectiin footing tests
than in retaining wall tests, as the extent of the stress field is

much larger.

The problem of (side) boundary‘friction is not unique to plane strain
testing (end platten friction affects stress distributions in
triaxial specimens (Bishop and Henkel, 1957)), and so, much
evaluative study has been done in other areas. Some of the low
friction systems or treatments developed for other situations do

not lend themselvés to utilisation in plane strain work however,

Vas they could be sources of lateral displacements. A good example
of this is the multiple neoprene rubber/grease layers found to
practically eliminate end platten effecﬁs in triaxial tests (Green
and Bishop, 1969, Atkinson, 1973). Even thick coatings/of grease
alone may allow significant lateral movements through being squeezed,
especially if "significant" is defined in relation to soil particle

size. Additionally, there may be a reduction in lubricating
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efficiency with time under constant normal stress, especially

in the presence of water (Burland and Roscoe, 1969, Atkinson, 1973).

Much of the investigative work has satisfied itself with establishing
that (side) frictién effects have been minimised, and actual vaiues
of - coefficients of friction have not been determined in those cases.
fable 4 gives some measured values of coéfficients of friction ﬁnder
different conditions. Potentially 1qw friction treatments, such as
PTFE coatings, have been tried, but foﬁn@ to be easily scratched and
thus rendered useless. Sand has been féund to be able to‘seriously

mark glass.'

3.3 COMPUTER STURIES

3.3.1 Geperal

The previoﬁs studies into the influgnde of boundary effects had
established that this should not be underestimated in the design of

a test. Test geometry had been found to be an important factor.

As much of the work done to date haa Seen concerned with the retaining
. wall situation, it was felt to be adviéable to study side boundary
late?ai movement and friction effegts for the proposed large scale
élane strain footing test, and to do this using available computer
programs. The preliminary model tank (i.e. soil) dimensions

(see 2.5) were 3.5 m long by 1.75 m high by 0.5 m wide. Sample

material was taken to be sand.

3.3.2 Plane Strain Study

The non-linear plane strain computer study carried out to provide
basic information for the design of the proposed tests and systems
(see'2,6) was utilised as a frame of reference for assessment of

‘the three-dimensional computer study. = The non-linear properties
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for sand used in the program (Hamza, 1976) aie appropriate to

dense sands found in the North Sea bed (Hight, 1977) and are given
in Table J§. The adopted finite element grid (two-dimensional) is
shown in Figure 4. Initial stresses in the sand bed were modelled.
Surface surcharge and plate loading were applied in small incremental
steés;b surcharge, 3 increments of 33 kPa, with additional plate
loading in 3 inc?ements of 30 kPa. Previous experience with the
program had shown that these incrementé‘provided adequately close

modelling of the non-linear response of the sand.

3.3.3 Three-dimensional Studies

To obtain a qualitative indication of ievels of stress, strain and
deformation produced by side boundéry lateral displacements énd
friction,-a three-dimensional finite element model was set up and
studied using a program devélopea by Ward (1975) . Sana properties-
adoptea were linear elastic,'Table;S, as realistic three-dimensional
non-linear constitutive relationships were not availablg, and in
any case, had they been, a ﬁon—lineéf analysis would have proved to
be beyond the capacity of the availablé computer for all but the
coarsest grid mesh. ‘The results of these studies were seen as
éroviding values.of the right order of magnitude for comparison

with the plane strain non-~linear analysis results.

Prior to selection of the grid, Figure 8,  a small scale study
Vdemonstrated the suitability of the three-dimensional eight noae
element, rather than the sixteén node one, for giving adequate
resolution. Maintenance of a reasonably compact.computétional
problem meant that the grid mesh was not as fine as that in the

plane strain‘study, in consequence of the fact that the computer
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model is four element blocks deep. The mesh was however fine
enough in the region adjacent to the plate for reasonable

comparisons to be made.

The effect of tank geometry was investigated by considering a

tank (length 3.5 m) with widths of 0.5 m, 1.0 m and 2.0 m. Initially
tank depth was taken as 1.75 m, for which the base of the tank has
negligible effect on footing behaviour (Davachi, 1977). When these
casés confirmed positively the éensitivity of plane strain conditions

to tank width to depth ratic, the computer model depth was reduced

to 1.0 m, and the analyses repeated. For these cases, the base of

the tank ncocrmal and shear stress distributions became factors of

interest.

Model footing plate thickness was based on a relative stiffness of

plate to soil of greater than 10 (see 2.6).

3.3.3.1 Lateral Displacement Cases. Lateral displacements of tank
side walls are complex, due to the complex variation of lateral
pressure associated with footing loading and to the variable stiffness
of wall construction. Tt was not possible to model them. It was
decided that maximum likely levels of lateral displacement resulting
from footing loading in the tank designed (see 2.5)'woﬁld be applied
uniformly along the whole length of the tank, thereby overestimating

the influence of displacements in regions away from the footing.

In order to gain a feel for the likely significance of lateral
displacements of the order allowed by tank design, a trial case
considered a rectangular displacement distribution (not practically
possible in view of end and baée restraints) of the peak expected

adjacent to and under the footing during test, Figure 9. This
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trial case revealed the potential importance of lateral

displacements, and so a modified quadrilateral distribution was

used in the computer study proper, Figure 9. The effect of
further reducing displacements (scarcely practical for the design
evolved, Figure 3) was taken into account by considering the case
where one-tenth of original displacements were applied. Reduced
lateral displacements were applied in the case of the tank of

‘reduced depth, Figure 10.

In the absence of any other loading or restraints, the imposition of
side boundary lateral displacements resultedain the setting up of
stress, strain and deformation fields within the model. Theée-
solely represented the response to the imposed boundary condition,

and so, absolutely small values wouid correspond to minimal

modification of (plane strain) behaviour.

3.3.3.2 Side Friction Cases. The side frictional shear forces will
vary considerably along the tank walls and will depend dn the lateral
pressure distribution. In the.present study, two extremevcases

were considered; limiting friction which allows no relative
displacement between soil and wall, and zero friction which models

én ideal frictionless interface between soil and wall. . This

latter condition was considered to be a check on the plane strain

case.

For the case of limiting frictional boundaries, the frictional shear
forces are related to the level of deformation occurring (or tending
to occur) within the soil away from the boundaries. The plane strain
computer study had provided surface deformation profiles under plate

and surcharge loading. These were imposed as surface boundary
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constraints to the surface nodes of the central two elements for
the three-dimensional study, Figures 9 and 10. Application of
surcharge and plate loading to these central elements would have
resulted in an underestimation of behaviour, and full-width
application would have produced problems at the boundaries.
Additionally, the linear elastic properties used in the three-
dimensional model would have resulted in less realistic levels of

deformation than had been obtained in the plane strain study.

The imposition as top surface boundary constraint of the surface
deformations obtained in the plane strain study resulted in the
setting up of stress, strain and deformation fields within the three-
dimensioﬁal model. In the absence of modifying influence of side
boundary friction, these fields would be similar to those obtained
from the plane strain study.. BAny differences would arise only
because of different grid mesh and soil. properties édopted in the

two studies (see 3.3.3).

3.4 RESULTS

3.4.1 General

In the interests of coherence aﬁd clarity, only part of the results
of the computer studies are considered and presented in detail.
Longitudinal (x) direct stresses and deformations, lateral (y)
direct stresses, and vertical (z) diréct stresses and deformations
are selected for investigation of variation, and for comparison
purposes. Except for consideration of coefficients of limiting
friction for the outer wall boundary nodes, Figures 30 to 32,
attention is restricted to and results given for, the nodes in the

central plane of the three-dimensional model, Figures 1l to 29.
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These are least influenced by bossible local effects resulting

from imposed boundary conditions. In many c¢f the figures,
presentation of results is further restricted to the nodes under
the edge of the plate, Figures 18 to 29, where conditions are

most influenced by footing plate loading. In_order ﬁo demonstrate
general trends along the moael tank (in both lateral displécement'
and side f:iction cases) a series of ﬁigures, Figures 11 to 17,
gives full tabulation of results for all central plane nodes fér
one éelecﬁed tank width. This facilitates assessment 6f and
extrépoiation to general behaviour away from the edge of the plate

nodes, or to other tank width conditions.

The figures deal principally with the results for a tank of depth
1.75 m. For completeness, results for the tank of depth 1.0 m are

given in compac¢ter form in Tables 5 and 6.

Where appropriate,values of stress or deformation obtained from the

plane strain study are given for comparison purposes.

3.4.2 Lateral Di5placement Cases

3.4.2.1 Uniform Displacement, Figure 9. The results of this pilot-
study for a tank depth of 1.75 m and widﬁh of 0.5 m are given_in‘
Figures 11 and 12. Stresses and deformations are,in some places
remote froﬁ the plate of the same order of magnitude or greater than
those from the plane strain study, thus highlighting the need for a
more refined definitioﬁ of imposed lateral displacements. Actual
tank design reduced the possible displacement at the top of the tank
by clamping, and prevented it altogether at the base through

bolting (or welding) to the base plate. Maximum displacement was

likely to occur, under these circumstances, near the upper third
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point of wall height.

3.4.2.2 Quadrilateral Displacement. The imposition of the more
realistic lateral displacement distribution, Figure 9, results

in a marked reduction in stress and deformation levels. Figures 13
to 17 show a complete comparison of results for a tank 1.0 m wide
with corresponding results from the plane strain study. The
imposition of the quadrilateral displacement (applicable principally

only in the region of the plate) still results in overestimation of

stresses and deformations in regions remote from the plate. 1In

the region of the plate, however, they are of the right order of
magnitude. This full tabulation shows that the nodes under the
edge of the plate give more‘significant (i.e. absolutely 1arger)
levels of stress and deformation wﬁen compared with plane stfain
values, than do the nodes undef the interior of the plaﬁe. A
concentration of attention on- the nodes under ﬁhé edge of the plate,
therefore, will slightly overestimateﬁthe average significance of

boundary effects.

For this three-dimensional casé, both stress and deformation fields
show the influence of boundary lateral displacements, Figures 13 to
17, varying from less thah 1% to around 20% for stresses, and up

to 15% for deformations, when compared withvplane strain values.

In the higher percentage levels, these three—dimensibnal changes,
if allowed to occur, represent a significant and measurable
departure of model conditions from plane strain, and would result

in over- or underestimation (depending on sign) of behaviour.

The effect of varying the width of the tank and hence the width to

depth ratio is shown in Figures 18 to 22. For x, y stresses and z
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deformations the dramatic reductions which follow from increasing
tank width from 0.5 m (B/D = 0.29) to 1.0 m (B/D = 0.57) taper off
“once tank width reaches 2.0 m (B/D = 1.14). In each case, the
reduced values associated with a tank width of 1.0 m (B/D = 0.57)

are already close to being insignificant. z stresses and x
deformations are less regular in their pattern, but are, in any case,

at levels which are not significant.

frecictably, the effect of reducing the absolute amount of lateral
displacement reduces the levels of stress anqrdeformation within

the soil mass. Figures 23 and 24 compare results for the main
displacement case with those which result when one-tenth of this
displécement is imposed. At this lower level of displacement, stress
and deformation fields would insignificantly modify plane strain

behaviour.

The reduction of tank depth to 1.0 m also results in reduced
significance of lateral displacements, Table 5.  This arises because
a smaller lateral displacement, Figure 10, can be associated witﬁ a
shallower tank when construction remains unaltered, and because
reducing the depth effectively increases width to depth ratios for

the cases considered.

3.4.3 sSide Friction Cases

Whereas in the three-dimensional lateral displacement study,
insignificance of influence wquld lead to results that E%ere~small
in relation tb the plane strain values, in the side friction study
the opposite was the case. An absence of modifying influence of
side friction would lead to values of the same magnitude as those -

obtained in the plane strain study.
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In this context, the three-dimensional side friction case wherxe
boundary friction was set equal to zero is a check on how well the
three-dimensional linear elastic, coarser mesh finite elemeht study
can reproduce the results of the non-linear elastic, finer mesh
finite element plane strain study which corresponds more closely to
real behaviour. For the critical nodes under the edge of

the footing plate, the three-dimensional study values are an average
of 89% of the plane strain values (Variation 70 to 125%) for the

1.75 m deep tank, Figures 25 to 29, and 102% (variation 68 to 120%)
for the‘l.O m deep tank, Table 6. This reasonable levél of agreement
between the two analyses establishes the validity of comparing wvalues

from the three-dimensional study with those of the plane strain study.

3.4.3.1 Effect of fanklwidth. For the iﬁposed condition'of boundary
limiting friction the general effect of increasing tank width (and
hence width to depth ratio) is to bring stress and deformation fields
closer to those existing under plane strain conditions. Stresses,
Figures 25 to 27, Table 6, decrease for nodes near the surface of the
tank, while fox those néar the base, they increase. This tends to
occur also for x deformations, Figure 28, Table 6, while for =z
deformations, Figure 29, Table 6, there is a general increase in level
of deformation at all depths. These‘results show a tendency in

the soil to arxch across the tank, which (tendency) is. progressively

reduced as the tank becomes wider.

3.4.3.2 Side Boundary Coefficients of Limiting Friction. In the
modelling of the side friction condition, it was possible only to
either fully restrain boundary modes, or to free them. The real

situation is likely to fall generally between those two extremes,
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with some relative movement between soil and wall being possible.
Figures 30 to 32 show full tabulations of effective coefficients

of limiting friction necessarf to fully prevent any slip and the
side boundaries in the tank of depth l.75 m. The trend is for
decreasing coefficients of friction with increasing tank width,
théh is a direct reflection of decreasing vertical shear associated
Qith less tendency in the soil to :aréh as tank width increases.
The significant effect of width to depé@ ratio is again highlighted
by the comparison of necessary*coeffiéiénts of limiting friction for
a 1.5 m wide by 1.0 m deep (B/D = 1.5)5§ank and a 1.0 m wide by

1.75 m déep (B/D = 0.57) tank, Figure'$4. For the wider tank.an
average coefficient of 1.03 is requifea; for the narrower one,
1.37. Bpth of these levels are'highbin relation to measuréd values

of coefficient of friction of sand with typical tank wall materials:

or treatments, Table 4.

3.5 DISCUSSION

3.5.1 General

The computer studies of the influence of side wall lateral.
disPiacéments and friction on plane straih conditions have confirmed
that due attention must be given and that special care must be taken
in the design of plane strain testing facilities to reduce their ‘

significance.

For the tank geometries, design, and loading levels considered, both
lateral displacements and side friction were shown to be able to
cause serious departures from plane strain conditions. The potential
extent of their influence is greater than would have been expected

from a study of previous plane strain testing. The reasons for this



39

may be that proposed footing loads gave low working stress levels
with correspondingly small stress, stiain and deformation fields,

that the wish to make (bottom) boundaries remote léd to low width-
to-depth ratios, and that the material analysed was sand. Previous
experiments have involved loading up to ultimate, for which surface
pehetrations especially of footings are large, have attempted to

keep width-to-depth ratios high, and have often used clavahich givesi

greater deformations for relatively'10wer loading levels.

3.5.2 Lateral Displacements

vThese can be essentially independent of'loadiﬁg and footing
penetration‘levels through careful design of tank walls, or their
support. The present studies show thét even fo; the analysed
conditions, lateral displacements can be made to have negligible effect
by making the side walls sﬁfficiently'stiff, and by use of a wall
surface treatment that reduces soil pérticle‘penetration. Their
greétest influence was shownrto be on longitudinal and lateral stress
fields and on vertical displacements. For the tests proposed,
bearing capacities would therefore have been essentially unaffected,
although measured displacemeﬁts of the,footings would have been

larger than for a real plane strain situation.

The present study confirms qualitatively the findings of Ko and
Davidson (1973) (see 3.2.2). Their tank geometry is equivalent to
a tank 0.6 m wide and 1.75 m deep in the present study. Their
ﬂlateral displacements (when considered in terms of lateral strains)
are equivalent to approximately 60% (top of tank clamped) and 800%
(unclamped) of values imposed in the present study. Figure 20

shows that in the upper regions of the sample, for a tank O.6 m wide,

the sign of the vertical stress field is opposite to that obtained
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in a plane strain situation under the imposed loading, so that

the effect would be substractive. The increase in lateral
displacements by a factor of 12 would substantially increase the
amount by which measured bearing capacity was reduced. In the
present study also,an eight-fold increase in imposed lateral
displacements would have introduéed marked modification of bearing

capacity.

3.5.3 Side Friction

»In considering the two extreme conditions of limiting friction and
zero friction, the results of the present study bracket the real
situation. No interface between soil- and tank walls can be truly
frictionless, and yet some movement will tend to occur in the
presence of friction when: shear forces become great enough. The
tabulation of coefficients of limiting friction, Figures 30 to 32, and
34, when compared with measured values of coefficients, Table 4,

shows that an efficient tank wall treatmentbought to have a coefficient
of friction of up to an order of magnitude smaller than that required
to fully restrain the boundary layers of soil. Conditions in the
tank are therefore likelyvto be intermediate “between those

considered, and in fact could be closer to the zero friction case.

When the results of the side friction case studies are considered
with this allowance for likely real friction levels in mind, a
marked reduction in their apparent significancé is possible.
Nevertheless, it is clear that the‘narrower_tanks, representing low
width-to-depth ratios, will cause greater departure from plane strain
conditions than will wider ones. This confirms previous |

experimental studies.
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Present computing techniques do not readily allow a modelling

of restraint corresponding to a variable friction less than
limiting,.and so a quantitative analysis of this realistic

condition is not possible. It is therefore impossible to assess
previous studies and theories using the results of this present
study. As this is the case, no attempt has been made to investigate
across—the-tank changes in stress and deformation fields. It is a
matter of problem definition in the present study that differences

exist between outer boundaries and the centre line of the tank.

5.5.4 Effects of Varying Tank Depth

In an attempt to reduce the influence of side boundaries by
effectively increas;ng width-to—dépth ratios»without incréésing the
already large volume of soil needed to make up the sample, a
réduction in tank depth from 1.75 m to 1.0 m was considered and

analysed.

It was found that for such a smaller tank, if loading levels were
uﬁaltered, levels of stress, stréin and deformation were considerably
lowered, making experimental measurements more difficult. As an
example, the effect on surface deformation is shown in Figure 33.

The depth reduction brings the base of the. tank close enough to

the footing for it to be necessary to measure stress distributions

on the base to arrive at an overall piéture of behaviour. Figure 33
shows that the changes in level of shear and especially normal stresses
are such that absolutely small quantities, or the small difference
between large quantities, would have to be measured. These
complicating features of tank depth reduction are a distinct
disaavantage, which may even overshadow its advantage in térms of

reducing boundary effects.
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3.6 CONCLUSION

It was found that significant influence on plane strain conditions
could result from tank side wall lateral displacement and friction
for the scheme considered. Design and detailing could reduce
lateral displacements to insignificant levels. bThe effects of
friction could not be effectively controlled, however, and could be

significant.

These findings were considered in conjunction with other potential
complicatiﬁg features of the plane strain approach. These included
the large volume of soil needed'tOfmake up the sample, the probable
high cost of purchasing or developing instrumentation and logging
equipment»to fully monitor soil, footing and tank behaviour, and the
length ofitime it could take to make the system operational. Together
they came to be a basis for reservation about a plane strain testing
facility 6f the type pr0posed. It was also becoming cleér that a

need existed for experimental work on ultimate bearing capacity and

stability (rather than working stress level behaviour).

Consequently it was decided to abandon the exclusively plane strain
testing facility in favour of a more general three-dimensional one,
for which simpler objectives would be set, and which could be modified

to allow testing under substantially plane strain conditions.
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CHAPTER 4

PILOT STUDY: 229 mm OEDEMETER AND FOOTING TESTS

4.1 INTRODUCTION

Much of‘the performance specification for the consclidation phase of

the large scale three-dimensional model testing (see 5.3, 5.4) was
based on the results of soils laboratory experimenﬁal programmes.

These involved investigation of the properties of the selected Norfolk
clay‘(seev5.2) using 100 mm oedometer, simble (monotonic) triaxial

and cyclic triaxial apparati in association with standard classification
tests (Elthamrawy, 1977, Hight, 1977). Footing behaviour was
predicted using the results of these experiments in association with
classicial‘bearing capééity theory as summarised and extended by

vaughan et al (1976).

The availability of the 229 mm (9 inch) aiameter ocedometer apparatus
for preparation of Norfolk clay saﬁples for vertical load footing
tests, made possible‘experimental verification on a reasonable scale

of aspects of the proposed large scale experiments. It allowed pilot-
. tests to confirm the suitabiliﬁy of proposed consolidating and loading
sequences; and to verify specified limits fér footing penetration. The
study gave an opportunity of gaining experience with quahtities of clay
too large to be hand mixed. Possible problems in sample preparation,
handling and quality contrel could be identifiéd and solved prior to

large scale model testing.

Four methods of sample consclidation were tried in the series of 14

tests, with moisture contents taken initially and after consclidation.
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4.2 APPARATUS

The 229 mm oedometer apparatus is shown generally in Figuré 35. . The
top surface is free draining, while bottom surface drainage can be
controlled. In the standard arrangement, load is applied to the

rigid top plate by the second-order lever system through the load

yoke, ' The various knife edges which provide support or transfer load
are afranged SO that.ho change in verticality of loading results from
the change in lever slope that follows froﬁ'sample surface movement. It
is possible to avoid running out‘of,travel with the load lever by
adjusting the fulcrum level with a manually dperated hydraulic jack.

The systemvié balanced so that no load, oﬁher than top plate (equivalent
to approximately 2.5 kPa), comes onto the sample.until weights are added
to the weight carriers. A modification Qf the standérd apparatus,
Figure 35, allows the top surface of thels;mpie to be loaded by air-

pressure filled neoprene latex bags.

The bearing capacity téSts,_using a 63.5 mm diameter footing, were carried
out on a modified 5 tonne triaxial test préss. The footing, attached

to a load cell (developed at Imperial éollege, giving readings on a
Sangamo Stxain Box) , was held in the upper part of the press. The

sample in the oedometer was driven up égainst the footing by a motor-
driven screw jack incorporated in the lowér part of the press. Sérew

jack extension rate was controlied ﬁhrougb.a reduction gear-box

attached to the moto;, and set at 2.47 mm/minute. Later work carried out
by Sano (1977) on rate effects in (footing) penetration ﬁests confirmed
that a rate of 2.47 mm/minute gave essehtiglly undrained conditions

under the footing.
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4.3 SAMPLE PREPARATION

The sample of Norfolk Claf*

used in the tests was initially in blocks
sealed with wax, as obtained_from site. In the interests of uniformity
with laboratory test carried out on other samples of the same material
on which the procedure was carried out, the material was, after dewaxing;
broken down, dried, ground and passed through a 3 mm sieve, in order to
remove large stone and shell fragments. Particles eliminated in this
way would not have presented serious problems in the 229 mm oedometer,
but could have been significant in the smaller scale 100 mm oedometer
and triaxial tests. Inevitably, some modification of the material
grading must have resulted from grinding, thrpugh crushing and through
dust loss. The grinding and sieving was only carried out once, as |
subsequently the oedometer samples were made up from moist material from
the previous test. Any modification in grading (and hence, potentially,
in properties) therefore occurred only once at the beginning, with no

modification during the test programme. A typical grading curve for the

material is given in Figure 36.

%

The choice of a target moisture content of 35%"was based on a balanCLng of

two considerations. Handling of the material becomes p:ogressively
easier with increasing moisture content. ‘However, El-Ghamrawy (1977) had
shown that for moisture content much greater than 35%, segregation could
occur with this material. Mixing the clay to a unifofm consistency
around the target moisture content proved to be difficult With

the mi%er available, both for the initially dry material, and for the
moist material from one test being reconstituted for the next one. Once
wetted, the very cohesive material tended to form a layer around dryer

lumps of clay which were then resistent to the action of the mixer blades.

e o e s i e 1 3 A

f#,Plastlc and llquld llmLtS ‘are’ given’ in. Table 9, gradlnga=,
r-"curves in, Flgure 36;. moisture content Vs undralned shear
]fjstrength Curves Ain: Figure 42 . .




46

Dryer than average material also tended to be pressed onto the side
and the base of the mixing bowl beyond the reach of the blades and
‘needed to be regularly removed manuall&. Even then, mixing time was
such that it would have been prohibitively long for any large scale

mixing.

Large (100 gm) samples were taken as the clay was placed in layers into
the cedometer. This was done to determine the degree of uniformity of

moisture content throughout the sample prior to consoclidation.

4.4 SAMPLE CONSOLIDATION

4.4.1 Generél

As the testing programme proceeded, the approach to the consolidation of
samples developed, based on growing experience of conditions. This led
to four distinct methods of consolidation, in which the progression
reflects an increasingly close reproduction of expected conditions in

the large scale test prégramme. The purpose of the tééts was to give
broad verification of pgoposed design and procedures for the large scale
testing and so they were not seen as forming a major self-contained study.
With each test taking approximately 10 to 12 d@ys to set up and complete,
the number of tests in each group was kept purposefully low, the number
of tests performed being governed by the need to be able to make adequate

critical evaluation and to isolate problems.

Consolidation load sequences are set out below. Consolidation pressures
are given in Table 8. The values of pressure given for Tests 1 to 8 are
mean values of pressure, as it was not until these had been completed that
it was discovered that the knife edge support for sample loading had

been misplaced, and that load was therefore bypassing the knife edge.
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Cell calibration showed that this resulted in a variable load
magnification factor for the lever system, Figure 37. Back analysis

of the test results gave the typical ranges of operation shown in

Figure 37. For the fourth and last load increment, sample consolidation
was generally such that at the end of consolidation, a load magnification
factor was in effect which was close to that appropriate to normal
operating conditions. The reasonably close agreement of moisture
content distributions under the two conditions tends tb confirm this,

ahd so the results have been retained.

On completion of consolidation 16 mm diameter cores were taken, and cut
into approximately 10 mm long segments so that final moisture content

distribution could be assessed.

4.4.2 Consolidating Load Sequence 1l: Teéts 1 and 2

When an attempt was made to begin consolidating the first sample by
applying direct top surface loading, ﬁlay squeezed out around the

top plate. In an attempt to reduce this it was decided to try stiffening
the sample by applying a partial vacuum to the underside of the sample
prior to top surface loading. The top surface was sealed with polytene

sheeting and kept moist.

Difficulty was encountered with maintaining a uniform level of vacuum.
When a high proportion of total consolidatioﬁ under vacuum had taken
place, the sample, in the absence of a confining vertical top surface
pressure, shrank away from the side of the cell, allowing surface water
to drain to the lower porous stone, and be removed. The samples failéd
to remain fully saturated undér these conditions, which also was

unsatisfactory.
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On subsequent application of top surface load, large initial bedding
down was recorded, appropriate to the volume of material needed to £ill
the shrinkage gap at the side of the cell. A full top surface load
sequence was applied. The results of the fpoting tésts carried out on

these samples are given in the interests of completeness only.

4.4.3.'Consolidating Load Sequence 2: Tests 3, 4 and 12

Following the unsuccessful use of partial vacuum alone as the initial
consolidating force, some squeezing out of'thé sample was accepted as
probably inevitable afﬁer placing the top pla£e in poéition and applying
the first 1oad increment. Slight modification to the top plate (té
facilitate handling), and improvement in the'technique in piacing it,
"helped to reduce the amount of”squeeziné out. This bedding down is
reflected in fhe consolidation settlement versus time plot,‘Figure 38,

by the apparent shift of the zero settlement point.

This method of consolidatibn, with no imposed pore water pressure gradient,
was seen as the basic one against which others would be compared, both
in terms of final moisture content distributions and of footing bearing

capacities. It represents the simplest of oedometer conditions,

4.4.4 - consolidating Load Sequence 3: Tests 5 to 1l

The application of a partial vacuum to the underside of the sample

during consolidation was set as a ﬁajor design feature of the large scale
vtest facility. It was seen as a means of controlling moisture content,
and hence strength, profile with depth (see 5.3.3.25. This serles of
tests represented an attempt to investigéte the influence on the sample
of applying a partial vacuum at thé base-simultaneOusly with the

application of‘t0p surface loading.
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The effect of applying partial vacuum is to increase the effective
stress at the underside of the sample in relation to that at the top,
through decreasing the poré water pressure. This has greater
influence during the first load increment stage, when total stress
imposedrby the top plate loading is small. | In consequence, there is
an increase in the proportion of total consolidation that takes place
duriné the first load increment; (Compare Figures 38 and 39). The
effect on méisture contents and footing caéacities is discussed in

sections 4.5 and 4.6,

4.4.5 Consolidating Load Sequence-4: Testéjl3 and 14

In the large scale tests, in order to imposé a uniform surface pressure
rather than uniform displacement_(see 5;3,3.1), the clay was to be loaded
by air pressure in a bag. A modification of the 229 mm oedometer
allowed this coﬁdition to be tried as'part'of the overall programme.

The modification of the cell allowed an early investigation of bag and
fiiter m&king techniques on a manageable scale, prior to full scale

production.

Additionally, the tests gave an opportunity to check whether significant
differences in sample properties could be detected when load and partial

vacuum levels were the same as previously in Tests 5 to 1l.

4.5 MOISTURE CONTENTS
-The scale of the testing programme was such that it warranted no special

quality control procedures.

Moisture contents of samples taken during placing of the clay in the
oedometer were used to provide basic information about the uniformity

of the bed at the beginning of the consoiidation process. Table 7

-
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gives mean initial moisture contents and their variations. For the
balances used to weigh samples and containers, a variation of
approximately 10.2% represents the confidence limit in readings taken,
and so the clay beds, with local variations in moisture content ranging
between -0.8% and 40.4% (in approximately 35%) can be said to have beén

reasonably uniform at time of placing.

The cores taken from the clay bed after consolidation provided an indication
of moisture content profiles. El-Ghamrawy (1977) had shown that a
generally reproducible relationship existed betwagp moisture content and
undrained shear strength for the Norfolk clay, Figure 42. Moisture
content was therefore taken in a qualitative way to assess possible changes
in strength profile resulting from variation in consolidating procedures.
Mean levels of final moisture content and their variations from top to
bottom of the clay bed are given in Table 7 with some profiles plotted

in Figure 41. A complete presentation of profiles and other results is
given in Herbertson, Hight and El-Ghamrawy (1977). For these moisture
contents, a variation in value of ¥0.1% (in approximately 15%) represents

a likely level of confidence of readings, using more refined balances

in conjunction with smaller samples.

Beds prepared for Tests 1 and 2 (with initial partial vacuum only) showed
a reduction in moisture content from bottom to top of the bed,possibly
indicating that the top region of the beds had failed to become resaturated
(see 4.2.2)., - For Tests 3, 4 and 12 (no vacuum) a basically uniform
profile was obtained. For Tests 5 and 6 no trend away from uniformity

was found, although a partial vacuum.of -35kPa had been applied. When

the level of partial vacuum was increased to -70kPa, Tests 7 to 11, a

trend towards decreasing moisture content with depth was identified.

Test 14 showed a similaf trend.
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The cores were in all cases cut up into only 5 or 6 segments (so
that reasonably accurate results could be obtained from the weighing)
so an averaging of moisture contents will have taken place that makes

a detailed analysis of the profiles inappropriaté.

4.6 FOOTING TEST RESULTS

Load-deformation curveé for the footing tests are given in Figureg 40.
and—43, Initial lack of fit between footihg and clay bed, and bedding
down were ~probably responsible for the initial variable deformations
which were recoirdeé before basically linear_béhaviour began. The
extent of linear behaviour) the slope-df;éu;ves for these sections and
the level of bearing stress at which behaviour became non-linear varied
from test to test. Footing ultimate bearing capacitf was, for
uniformity; défined as the bearing capacify corresponding to a footing
penetration of 10 mm, well beyqnd the ena of linear behaviour‘in all
cases. Values of these are given ianable 7. The tests were not
sensitive enough to establish whether_the_differences which existed

could be conclusively attributed to bed preparation techniques.

It seems likely that a refinement of the footing test procedures, both
in terms of reducing initial lack of fit due to sample surface
irregularities and of load cell data recérding, would have resulted

in better definition of load deformation cﬁfves, particularly of the
point at which significant non-lineafity begins. For the purposes of
the present study, however, the footing tests provided thevbasic
confirmation required of ultimate capacities, More importantly,
allowing for séaling effects, quite reasonable indications of vertical
penetration of the footing into the Norfolk Clay were established.‘

Values of undrained shear strength back-calculated from footing.ultimate
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capacities gave close agreement with the work of El-Ghamrawy (1977)
when considered in association with top~of-bed moisture contents,

Figure 42.

4,7 DISCUSSION

The 229 mm oedometer consolidation programme and the associated footing
tests, proved useful in the context of the large scale model testing
facility in confirming the suitability of désign and performance

specifications, and in isolating areas of potential difficulty.

On the basis of the experience gaiﬁed with the Norfolk clay, it was
decided that a more efficient mixing systevaOuld have to be used.

It would have to be able to reduce the £imé required to mix while at
the same time increasing the degree to which it could break dowﬁ clay
lumpé in the wet clay-matrix to an acceptably small size. The mixer
would also have to be able to clear material frqm the side and base of
the mixing bowl. In the interest of avoiding sample modification

through loss of fines, dry mixing should be avoided.

Moisture contént determination could still be used to confirm uniformity
éf the large clay bedsvbefdre consolidation, but the experiments showed
that another means would have to be found fér obtaining post consolidation
strength-with-depth profiles quickly and directly. Even if the
relationship between moisture content and ﬁndrained'shear strength had
‘been a unique one, the pradtical obstacleé and time consuming nature

of sampling at many sections at close intervals argued against using

this as the method of assessment. Theiéfore, an investigation was
undertaken to establish rate dépendency and scale effects, for probes

driven into beds of the Norfolk clay. As a result of this a probe was
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developed which will allow in-situ determination of strength-with-

depth profiles (Sano, 1977).

The consolidation procedures showed that the clay is liable to squeeze
out around the edge of the loading bag at low pressures at moisture
contents which faciliﬁate mixing and handling. This should produce
only minor initial irregularities in the clay sample, which should be
overcome by effeéts of later load increments. It seems that some
further work must be done in the large scale facility with the strength
measurement probe, in order to establish the optimum lével of partial
vacuum needea to provide a uniform increase of strength-with-depth

of the order of magnitude required.

The footing tests confirmed that estimates of ulfimate capacity and
penetrations for the large scale tests wexe generous, and allow quite
reasonable room for varying test conditions. From the viewpoint of
footing capacities, a much stiffer clay bed can be coped with, or,
alternatively, in terms of mpvements allowed for, a chh less stiff

bed can be used.

Difficulty of lowering the footing down onto the clay bed and ensuring
that the clay surface is level and parallel to the uhderside of the
footing was found'in this study, and possibly contributed to differences
"in the load deformation curves. It is an ésPect of thé test procedure

which needs improvemént in the large scale testing.
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CHAPTER 5
ASPECTS OF THE DESIGN OF THE LARGE SCALE

THREE-DIMENSIONAL MODEIL TESTING FACILITY

5.1 INTRODUCTION

The decision to undertake a three-dimensional footing test programme
with clay as the bed material was taken after preliminary design and
assessment of a plane étrain'approéch. This had shown that plane
strain conditions could be difficult to reproduce with sufficient
accuracy in the laboratqry situation and that de;élopment of the

complex facility proposed could be too lengthy and costly for the
sponsored programme. There was a growing awareness that a neéd existed
for three-dimensional experimental work on bearing capacities and stability
on a scale intermediate between normal laboratory footing test studies,
(with footing diameters typically up to 75 mm) and full scale testing

of footings (Muhs and Weiss, 1972) or prototype model testing as in the

Ostflag 9, Christchurch Bay gravity structure (Penman and Gallagher, 1976).

A scheme was propoéed incorporating a bed of Norfolk clay, which is
similar in its properties and behaviour to some of the clays found on
the North Sea bed (Hight, 1977). This clay has the practical advantage
that samples are much more easily and economically obtained than is

possible with actual North Sea bed material.

The clay bed would be formed in a circular tank, and would be loaded
by either a circular or a square footing, initially. Relative
proportions of bed and footing were to be such that the side boundaries
at least would be remote. A footing diameter of 300 mm was chosen,
based on which a clay bed diameter of approximately 1500 mm with depth

of the order of 300 mm was selected. The plane strain computer studies
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had shown that the base would, under these conditions, influence
conditions within the clay under the footing during test. However,
it falls outside the region of possible failure surfaces for both
direct vertical loading and inclined eccentric vertical loading (the

resultant of direct vertical and eccentric horizontal loads).

Interest would centre initially on ultimate behaviour under selected

combinations of vertical and eccentric horizontal loads.

Allowance was to be made in the design of the experimental facility for
conversion to a plane strain system. of testing so that an experimental

link could be made between the three-dimensional behaviour and plane strain

behaviour, for which closed-form bearing capacity 'solutions exist.

5.2 THE NORFOLK CLAY

The clay chosen for the tests can be found in ‘the base of cliffs along
the North Sea beaches near Happisburgh in Norfolk. The clay deposit
underlies depths of up to 60 metres of sand and organic soils, and is
exposed by wave action (despite extensive sea defences) for heights

of up to several metres above beach sand deposits. The outcrops

thus formed show some variability from place to place along the coast-
and so a location ﬁas Ehosen close td‘where previous undisturbed samplés
had been taken for extensive soils laborato;y testing (El-Ghamrawy, 1977,

Hight,1977).

A preliminary sampling of the clay in three locations at énd adjacent to
the one chosen for the taking of the bulk quantity of clay required for
the large scale testing, showed a reasonable degree of uniformity,

Table 9. Samples taken from the 3 tonnes of clay actually excavated
for use in testing again proved to be sensibly uniform, Table 9. This

meant that no further mixing of the material was needed over and above
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that which had occurred during excavation and packing of clay into

polythene bags for transport.

Expetience with mixing thevclay to the required moisture content in
batches too large to be hand worked (see 4.3) had identified the need
for an efficient mixer with blades capable of cleaning material from
the siae' and base of the bowl. The mixer available for large scale
mixing (in the Concrete Laboratory) was able to do this, but was unable
to break down lumps of drier clay which were protected by the wetted
cléy matrix thch formed a coating around them. Trial mixing with
varying moisture contents and sequence of water/clay addition were
not able to overcome this problem. Times for even imperfect mixing

were prohibitively long when it was considered that 10 mix batches

would be needed to £ill the large consolidation tank.

The clay lumps could be broken down or removed by sieving, and small
scale work showed that viYbration increased sieving efficiency markedly
and eliminated ﬁuch of the manual effort. A largeAsize sieve (1200 mm
by 600 mm) was fabricated incorporating a 9 mm mesh size over 5 mm main
mesh. Vibration of the whole sieve unit with its frame on a large
vibrating table failed to reproduce small scale results, probably through
too high a damping effect of the frame. When the meshes were vibrated
locally by a hand held vibrator, a hiéh th;oughput was achieved, and so
this method was adopted. Lumps (greater than 5 mm size) were returned
to-the mixing bowl for inclusiop in the next mix for possible reduction.
vThe distribution of lumps smaller than 5 mm throughout the clay bed was
considered to be insignificant, partiéularly as their moisture content

would be similar to that of the clay matrix after consolidation.
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Small samples of the clay were taken from the bulk sample for further
soils laboratory testing. Triaxial and hollow cylinder tests would be
carried out followihg the same stress paths as are followed by some
elements in the clay bed during consolidation and footing testing, to
provide constitutive relationships for the cbmpanion computer program

development and analysis.

5.3 CONSOLIDATION PHASE
5.3.1 Design Objectives
A system was to be devised to allow controlled consolidation of a clay

bed of the order of 1500 mm diameter by 300 mm deep.

It was to Be possible to apply top surface éonsolidating load :-.

and to reduce it again under controlled conditions. This would allow
swelling of the sample to produce an overconsolidated bed which would
exhibit lower creep behaviour.than a normally consclidated bed and

more "importantly, would simulate more closely North Sea beds. Top
surface loading was to be in the form of a uniform pressure rather fhan

a figid uniform displacement. on final total removal of consolidating
pressure, rapid exposure of the sﬁrface was required, to allow drying and
sealing. This would minimise reabsorption info the clay of free water
in the filter, which would result in a layer of clay of undesirably

lower-than-average shear strength at the.top surface.of the clay.

.Additionally, allowance wés to be made for possibly variable paitial
vacuum to be applied to the underside of the clay bea. . The partial
vacuum in conjunction with top surfacé consolidatiﬁg pressure would set
up a pore pressure gradient within the clay bed which would ultimately

lead to a de¢rease in moisture content with depth under equilibrium
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conditions. This would result in an increase in {undrained) shear
strength with depth in the clay bed, (Vaughan, 1976), a feature of
prototype foundations which it was felt to be particularly important

to model.

Top and bottom surface drainage was to be possible with or without back
pressure. The top surface settlement of the clay bed was to be
monitored during consolidation, and allowance was to be made for the

possible inclusion of pore pressure measuremeht probes in the bed.

5.3.2 Consolidation Tanks

A general section through a consolidation £énk is shown in Figure 43.
Full details in the working drawings for faﬁrication are given in the
Appendix to-the Figures in sketches SKl'té SK11l. The'tank, lid and
various sealing annuli are of wélded mild“steel construction. The tank
has a horizontal stiffener near the top énd twelve vertical stiffeners
around the outer circumference. During éonsolidation radial displacement
of the walls is calculated to be less than 0.00012 m,.wbile maximum
bending deflection between the top stifféne; and the base plate (ignoring
the influence of vertical.stiffeners) is conservatively estimated at
0.00025 m. Duriﬁg foqting tests, the lé&el.of-displacement will be at
least an order of magnitude smaller than during consolidation. Plane
strain studies, applicable to simple radial'stress'conditions, and
three-dimensional studies, had shown.qualitatively (see 3;4-2i'thét

-this lével oleateral displacement is insignificant for a bed of

diameter to depth ratio of approximately 5. Side walls are covered

by a thin grease film/rubber membrane‘system to reduce side friction‘
effects, which would be low fof this tank geometry, even in the presence

of side wall limiting friction (see 3.4.3).



59

The parallel double stiffeners for the 1lid and base plate with the
associated "quick release" bolts allow the tank to be self-contained
with regard to conselidation operations. .The four 600 KN '"quick
release" bolts obviate the need for elaborate bolting down of the top
plate to the tank, and so allow rapid removal of the lid, loading bag

and filter at the end of conscolidation to expose the clay surface.

On the basis of experience with the 229 mm oedometer clay samples (with
clayvbed depths typically of the orxder of 75 mm) consolidation times
for the proposed 300 mm clay beds were estimated to be of the order of
ten weeks. To allow a speedier turn-round for the large scale tests,

two complete consolidation tank units were fabricated.

5.3.3 Consclidation Loading

5.3.3.1 Top surface loading. During the development of the experimental
scheme proposals it had been decided to adopt a maximum consolidating
pressure of 350 kPa, and to apply this in the form of a uniform pressure
to the surface of the bed in order to obtain uniform bed properties. It
would have been essentially easier to apply a rigid surface load which,
however, through the imposition of a uniform surface displacement, would
have resulted in non—unifofm properties, as coﬁtact pressure distributions
under rigid plates arxe not uniform and side friction effects are not

localised (Rowe and Barden, 1966).

Ideally,lthe pressure should be applied hydrauiically using oil or watex
contaiﬁed in a suitable‘bag. It can be seen on Figure 43 that for the
design adopted the volume of fluid in a loading bag will be large (up

to 400 litres) owing to the large sample consolidation settlements
allowed for. | Practical considerations associated with the need to be
able to rapidly expose the bed surfacé after consolidation was complete,

led to the adoption of compressed air to provide the required pressures.
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While air pressure cannot be depleted as rapidly as can water or oil
pressure, air presents no collection or disposal problem and any air
remaining in the bag has negligible weight. Figures 44 and 45 show

the basic scheme. for providing loading and for its control and monitodring.

A high quality neoprene latex 0.8 mm thick, Table 10, was chosen for
loading bag fabrication. It is normally used where resistance to
weathering, ageing and oils is required, and has a reasonably'high

tensile strength associated with 880% elongation at rupture. The
adhesive used in the fabrication of the bags, Table 10, had been sSpecially
deveioped by Dunlop for use in the manufacture ofrinflatable rubber life

rafts for the Royal Navy.

Trial fabrication of bags of 100 mm and 229 mm diameter demonstrated the
suitability of use of the adhesive with the neoprene latex, and allowed:
modification and refinement of original bag design. The bags are made
up from three parts: base disc, side cylinder and top annulus; Although
the neoprene latex has a high elongation‘under.direct 1§ad,when made up
into a bag it demonstrétes a prefernecé for adopting a balloon-shape
under pressure rather than for an extension of the side cylinder in order
to maintain the shape required. The side cylinders of the large‘scale
bags therefore incorporate‘sufficient material to allow the bags to
follow clay bed settlement without any stretch. Initially excess side
cylinder dépth 1s reduced by folding. The outside of the c¢ylinder is

lubricated to reduce frictional resistance to sliding.

The top annulus of the bag is clamped between two steel annuli for sealing.
Once this seal is successfully made it need not be broken except when
the bag needs replacing. This facilitates assembly of the full lia/

annuli system which is already a lengthy feature of the preparation of
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each clay bed for consolidation. Specially made  hardened liquid-
rubber O-rings are used in conjunction with neoprene latex gaskets
to provide the seals necessary for maintenance of pressure.

Full details are given in the Appendix to the Figures in sketches

SK6, SK7 and GK1.

5.3.3.2 Underside partial vacuum. The capacity to produce an increase
in strength with depth in the clay bed is central to the design of the
consolidation system. For foundations under large raft footings the
depth to whiéh soil.is mobilised for the support of the structure is
such that éignificant increase in strength occurs with depth; due to
the consolidéting effect of the weight of the soil above. The
increasing strength influences footing behaviour. In the laboratory
situation, this increase in strength with depth has been reproduced in
samples whose depth is insufficient to provide appropriate gravity
effects, by subjecting the samples either to centrifugal forces
(Avgherinos and Schefield, 1969, Rowe, 1975) or.to a hydraulic gradient
(Zelikson, 1969). Neither method was considered ideal for the proposed
system, on the one hand because of its size and on the other because

of the anticipated problems of providing a hydraulic gradient. Thg
application of the partial vacuum to the underside of the sample during
consolidation can lead to a setting up of an increasing strength with
depth profile. This is achieved by increésing the effective stress

at the bottom of the bed relative to the top, through modification of
pore water pressure (Vaughan, 1976). Strength profile is measured

by means of a specially developed probe (Sano, 1977).

In practice, the application of a partial vacuum to the underside
of the clay bed is made simple by the more general need for underside

drainage. Provision is made to connect the vacuum system to the .
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outlet of the drainage lines, which are so proportioned as to

not restrict the level of vacuum.

A practical problem associated with applying vacuum to a clay bed

is that of protecting the vacuum pump from the water which is drawn
(and expelled) out of the clay. To overcome this, traps are installed
in the vacuum system'betweeﬁ the clay beds and the pump. Traps are
spring-hung at one end so that their settlement dpring filling

with water can be monitored with a linear displacemeht t;ansducer

ana thus provide a measure of the weight of water drawn from the clay.
To guard against overflow of the traps, a float éwitch in a sump-
provides further protection for the pump. Potentially, the volume of
water in the traps is such that drying of ﬁhe air in'the vacuum system
is not feésible. Even with the installation of a large capacity pump
which can cOpe with large quantities of water vapouf, frequent pump
oil;changes are necessafy to maintain pump efficiency by replacing
emulsifying oil. Exhaust air from the pump is passed through an oil

mist f£ilter for cleaning.

Details of the vacuum system, control board and sump are given in
Figures 44 and 45, and in the Appendix to the Figures in sketches

SK100 and SK1Ol. Details of components are given in Table 10.

5.3.4 Filters and-Drainage

In smaller scale experimental work it is common to use porous stone
discs to provide for sample drainage. This was not feasible on the
scale of the present work, and so a filter, potentially efficient in
transmission of water vertically awéy from the clay surface and

horizontally to the drainage outlets, was designed.
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A complicating feature of the top surface filter is that it must
follow clay bed consclidation settlement. It therefore moves in
relation to the fixed tank walls and tank lid/sealing annuli system.
To overcomé this, a drainége system was developed which incorporates.
a fixed part, attached to the sealing annuli and connécted through

the 1lid to drainage lines, and.a moving part, bonded over holes in the
neoprene latex loading bag, to collect water from the filter. The
two are jéined by a spiral nylon hose whiéh‘qan readily extend,

"Figure 43. Six drainage points are provided.

Bottom filter drainage is relatively simple, and is provided through
pipes connected to four holes in the tank base plate. Details of both
systems are given in the Appendix to the_Figures in sketches SK1Ol1l to

SK103.

The filters themsélves are of sandwich construction. A sheet of highlf
efficient commercial filﬁer material, Table 10, allows more than
adequate drainage of water out of the clay withoﬁt itself becoming
clogged with clay or silt particles. _ This is backed by two layers

of fibre-glass woven roving, the open weave of which allows water to
flow horizontally to the drainage pointé, éven under design-loading bag
pressu:es.- These three layers are enclosed in a fine nylonnmesh,.andA
the whole sewn together. Filters are cut.to shape, and the loose edges
so formed are impregnated with liquid rubber to form a stiff outer rim.

: Bottom filters are protectea by a métal mesh so that they will not be
damaged during removal of the clay after'testing. Initially, top
filters are being placed separately,;but a later development in

assembly technigue could involve attaching them to the underside of the
bag to éﬁortén the time in which the clay bed can be exposed after

consolidation is complete.



64

Provision is made in the tank design for consolidation under back
pressure. An inflatable tube sgals the gap between the 1id/sealing
annuli system and the side of the tank to prevent the escape of water
(seé Figure 43, and Appendix to the Figures sketch GK1), and back
pressure can thus be maintained‘%n the top drainage system. Either
back pressure or partial vacuum can be applied to the underside of

the clay bed.

An important design requirement was the minimisation of free water in
the filter/top drainage system at the end of consolidation. Allowance
has been made for water to be expélled frb& the fixed parf of the top
drainage system using low pressure comprésSed air. A layer (25 mm
uncompressed) of foaﬁ rubber between the loading bag and the filter
expands as bag pressure ls redqced and draws up water from the filter

and spiral hoses.

The léyér formed‘between_the loadiﬁg bag and the clay surface is not
totally flexible, but is still qonsidered to be sufficiently flexible

to allow essentially uniform pressure to be applied.

5.3.5 Surface Settlement Recording 

As vertical displacement transduceré ére not guaranteed to function
well in moist environments such as thosé associated with compressed
alr systems, the transducer,vTabie 10, fof'recording the vertical
settlement of the clay surface during consolidation had to be mounted
outside the tank. A weighted brass fod péssing through a cap plate
in the 1lid, Figure 43, rests on a 100 ﬁm diameter perspex disc bonded
" to the loading bag, and traveis down with the bag/filter system. The
rod is not bonded directly to the disc in order to allow it to move
freely in response.to clay bedvbehaviouf. The plate spreads the

weight of the rod so that early during consolidation, when the'clay
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is virtually a slu;ry, no indentation occurs. Later, when high pressure
has been built up in the bag, the weight reacté to the upward pressure

on the rod and holds it down. The weight also acts to provide a forqe
for overcoming friction between the rod and the O-ring seals in the cap "

plate.

5.4  MODEL FOOTING TESTS

5.4.1 Design Objectives

Three-dimensional footing tests were to be carried out using the
previously prepared Norfolk clay beds as foundations. Relative stiffness
of the model footing and clay were to be similar to that of prototype
raft footings on the sea bed. It was to be possible to vary the shape
ofvthe model footing to reflect Variafion in raft design and to suit

eventual modification of the tanks for plane strain testing.

Provision was to be made for subjeéting the model footings to vertical
and (eccentrié) horizontal loadingL "~ In the first instance, this was
to be unidirectional horizontal loading, but the test facility should
allow for cyclic horizontal loading, of eiﬁherAsimple or fully random
variation. Load systems were also to allow for reascnable variation
in loading levels, both for three—diménsional and later élane strain
testing._ Line of action of applied forces was to show insignificant
sensitivity to 75 mm of vertical displacemént, 40 mm hérizontal
displacement and 20 degrees tilt of the footing. Similarly, monitorihg
of footing displacements should not be influenced by their absolute
magnitudés. Loading was to be to ultimate footing cabacity, although
pre-failure load-displacement behaviour was to be reasonably recorded.
The tests were to be carried out in the absence of a general surcharge

of the clay bed.
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Initially the footings were to be plane without in-built instrumentation.
Later modification would include instrumentation for monitoring contact
stress distributions and would possibly incorporate non-planar contact

surfaces.

5.4.2 Model Footings

In order to set the scale of the three-dimensional testing, a model
footing dimension of 300 mm was selected. This falls intermediate
between small scale test footing dimensions and full scale, and allows
subseqpent instrumentation of the underside of the footing to provide
reasonable resolution of contact.stress distributions. The basic
footing was chosen to be circular, of diameter 300 mm, with a comparison
square footing of the same area, with side length 265 mﬁ. Comparison
of results for the two footings under identical (simple) loading would
allow the calculation of shape factors, and thus eliminate the need for

full test programmes for both footing types.

Relative stiffness of prototype raft footings’'is of the order of 10
(Hight, 1977). Cdmputer studies (Boswell and Scott, 1975) have shown
that only minor differences in footing behaviour occur when relative
stiffness is increased from 10 to "infinity". ' For convenience,

therefore, the model footings were made practically rigid, Figure 46.

The footings are of bright steel, with macﬁined plane éurfaces (treated
to prevent corrosion) and are connected to the main loading frame by

a stiff stub column to which they are bolted. Footings can be readily
interchanged. When, in later testing, an instrumented.footihg of
different thickness is used, modification of the length of the stub
column restores the level of the underside of the footing which acts

as datum level for the lcocading system.
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Initial potential lack of fit between the underside of the footing
and a possibly non-planar clay bed surface is eliﬁinated by coating
'the_surface of the clay over the contact area with quick drying
compound and founding the footing on this. Once set, the compoﬁnd is
quite stiff, and,_because of the thinness of the applied layer, does

not affect footing behaviour.

'5.4.3 Estimated Model Footing and Load System Capacities
The undrained shear strength of the Norfolk clay at approximately the
target moisture content (15%) for the proposed level of overconsolidation

~ has been foﬁnd to be of the order of 100 kPa (El-Ghamrawy, 1977). Based

on this, and using the approach presented by Vaughan et al (1976), the

following bearing capacities at failure (qf:vertical, qh:horizontal) can
be calculated for the 300 mm diameter.footing.

Vertical load only: qe = 515 kPa = 36 kN

Eccentric, inclined-

load with angle of

inclination of 21 degrees aQ = 255 kPa = 18 kN

to the vertical

(equivalent to vertical = 100 kPa = 7 %N

load plus eccentric h
horizontal load)
The angle of inclination of 21 degrees represents the change-over point
between sub-surface and surface failure. It was planned to limit

loading conditions to those producing sub-surface failure.

It was decided that to allow sensible control of féoting loading this
would be strain (rate) controlled and be provided by hydraulié jacks.
So that there would be a reasonable margin of jack capacities over
estimated load requirements, vertical load would be provided by a

100 kN jack, unidirectional horizontal by a 25 kN jack. In order to
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allow cycling of horizontal loads, one jack could be set at P < 25 kN
while the other opposing jack would cycle between Q and S kN with
0€ Q< Pand?2P 2 85> P, resulting in a capacity to produce up to

+25 kN peak horizontal load.

The various elements of the loading system were designed to be able to
withstand jack forces rather than estimated footing capacities with
.acceptable safety margins and deflection levels. Table 11 gives a
‘summary of deSign loads and capacitieé provided in various critical

elements.

5.4.4 L§ad:System

The need tp.accommodate substantial footing displacements dﬁfing testing
(75 mm vertically, 40 mm horizontally and 20 degrees of tiltf had a
fundamental influence on the development of the loéd system. In order
to maintain the line of action of the ap?lied loads in thevpresence of
these displacements, at least two systems are péssible. Either a
compléx compensating system must be developed to allow load jacks to
move laterally, parallel to the orﬁhogonal footing movement during the
test, or fixed load application must be at such a distance from the
footing that displacemenfs cause insignificantly small angular changes
in the liﬁe of action. Additionally, vertical load ought to be

applied at the level of the underside of the footing.

In view of this and because tank design for the consolidation phase
resulted in the top of the tank being up to 250 mm above the clay bed
surfacé, thus severely restricting the possibility of direct horizontal
loading of an extension of the footing plate, it was decided to apply
the load to the footing through a load frame. This straddles the

tank, allows application of load in the plane of the
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underside of the footing and allows greater choice of lever arm for
application of horizontal load. bThe load frame is connected to the
load jacks by a series of links and beams. Link length is such that
footing displacements cause negligible change in angle of load
application. In order to keep all links in tension and to avoid using
wirevrﬁpe and pulley systems, the level of the tank during foéting
tests was raised, so.that the vertical load system could be located
below tank level. Figure 47 gives a schematic representation of the
load system, and in the Appendix tq the Figufes, sketches SK14 to SK26 show
full details for fabrication of the load frame, links and load beams.
Horizontal jack support columns are shown in SK12, with tank support

stand detailed in SKI1O and SK11.

In order to minimiée the effects of friction, link connections to the
load frame and load beams are fhrough dowels and PTFE impregnated
bearings, Table 1O, which, foi the small dowell diameters used, give
negligiﬁle resisting couples to rotating forces. Links have simple
bolted couplings to facilitate installation and dismantling of the load
system for each test. To accommodate variable final clay bed surface
level, the vertical links incorpérate in;line adjustment, while the
level of horizontal load beams, jacks'and their supports can be varied
to satisfy both this situation and the more specific need to provide

variable horizontal load eccentricity.

~ Vertical load link connection to the load frame lies in the plane of
the underside of the footing plate. Horizontal load can be made
to have an eccentiicity in relation to the underside of the plate
varying from zero (which in conjunction with centre vertical load
produces the equivalent of centre inclined load) to 75 mm and then

in 50 mm steps to 325 mm. Practical considerations made it impossible
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to have infinitely variable horizontal'eccentricities, but the seven
locations provided give quite reasonable scope for investigating the

behaviour of the footing under eccentric horizontal loading.

The design of the load frame is based on déflection criteria rather
than strength. Computer analyses were carried out using a general
purpoée structural program (Lyons, 1977). These showed that for
maximum vertical load (2 x 50 kN) the verfical displacement of the
outer arms of the load frame would be a maxi#um of 3 mm, and that with :
maximum horizontal load (2 x 12.5 .kN) appliéd at the level of the -:
underside of ﬁhe footing, horizontal displ;cement of thiSvaint would
be a maximum of 4 mm, which would produce an eccentricity of vertical
loading of-l.33% of footing diameter. | The forces aﬁplied in this
.analysis représent jack capacities and are higher.than the estimates

of forces actually required to produce ﬁltimate conditions for the
footing (see 5.4.2). | Therefore, under more likely conditioﬁs of
loading, frame deformations are much smaller. It would not have been
possible to make the load frame significantly stiffer, as even now,

as fabricated, it weighs in the region of 2 kN, which can be a
significant portion of vertical load at.ultimate, under combined vertical
and horizontal loadiﬁg. So as not to reduce the stiffness of the load
frame unnecessarily, load measurement is carried out in the links
adjacent to the load frame. | The only error which will result from
this form of measurement is that due to link/load frame connection
friction which has‘been minimised. Details of the load cells are

given in Table 1lO.
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Due to the solid design of the load frame, a significant proportion

of footing vertical load capacity is provided by the self wéight of

the frame. While the prime object of the testing is the investigation
of ultimate behaviour of the footing, the load-deformation behaviour
at pre-failure levels of loading can also provide useful information.
Two columns, with synchronised screw jacks for controlled lowering of
the load frame and footing onto the clay bed surface, incorporate load
cells so that the transfer of frame self weight from the columns to

the clay can be accurately mdnitored. Once the clay is carrying all
the frame self weight, loading continues with the jacks and link load

cells monitor additional loading.

The decision to make load application points remote from the footing
resulted in a rather spacious‘experimental facility, with a working
platform constructed at the level of the underside of the tank. As
a consequence of the spaciousness, the various.column and platform
bases could be positioned without undue congéstion. Figure 49 gives
a layout of the column and main platform base plates, and shows that
even under presént conditions, some overlappiné of base plates occurs.

Details are given in the Appendix to the Figures in sketches SK26 to SK29.

5.4.5 Footing Dispiacement Monitoring

The behaviour of the footing under load is monitored by a series of
linear displacement transducers, Table 1lO. Readings of four vertical
and four groups of two horizontal transducers, Figure 48, enable
calculation of mean vertical and horizontal displacement, longitudihal
and lateral tilts and axial rotation of the footing. However, for

a uniform clay bed and symmetrical loading, lateral displacements and
tilts, and axial rotation will be negligible. Under these

_circumstances, the transducer system contains sufficient units for
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internal checking of results to be carried out. Additionally,
"dummy" transducers, one for each type used in the monitoring system,
identify any possible fluctuations due to power or temperature

fluctuations.

. As with the load system, transducers must be remote from the footing

in order that footing displacements do not influence recorded values

in orthogonal directions. The side of the tank ptojecté up to 250 mm
above the clay bgd surface and so makes direct connection of the

footing to hprizontal displacement transducers impossible. Additionally,
if transducer réference peoints had been located oﬁ the footing, these
could, in the presence of large footing displacements, have been made
inaccessable by the clay bed projecting above them. A reference plate,
connected to the'tfansducers by wires, is located at the top of the

stub column to which the footing is attached. Computer analysis

showéd that this stub column is so stiff that it makes negligible

- contribution to recorded values through bending or axial shortening.
Centre-lines of reference point on the reference plate are in a plane

475 mm above the underside of the footing. In the case of footing

tilt, this eccentricity of reference points leads to a récordéd
horizontal displacement, the magnitudé'of which can readily be calculated

by suitable manipulation of horizontal transducer readings.

To accommodate different initial clay bed surface levels, horizontal
transducers can be raised or lowered in their frames at the support
columns. In the case of verticai transducers, provision is made for
this variation in surface level by varying the length of the wire
connecting the transducer to the reference points. Adjustment to the
length of the horizontal transducer wires is possible so that initiél

conditions can be set to best accommodate anticipated horizontal
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displacements and tilts. The vertical transducers are attached to

a gantry which can be swung on its support column to allow installation
and‘removal of the clay bed tank. Transducer support.column 1éyout

is given in Figure 49, with fabrication details shown in the Appendix

to the Figures in sketches SK30 to SK33.

5.5 DATA LQGGING

The signals from the linear displacement transducers (monitoring clay
bed consolidatiqn settlement, vacuum system water trap filling, aﬁd
model footing displacements during test) and from the load célls 
(monitoring load applied to the clay foundation by the model footing)
are fed into a 30 qhannel automatic data logger, Table 10. The logger
can séan all or a selection of channels, either on manual instruction
or at preset time intervals. Scanning of channels can be done at up
to 25 channels per second, at which rate, transducefs can be read wiﬁh
an accuracy of #0.005 mm and load cells to #0.02 kN. The output from
the data logger is punched onto tape for further computer processing to
produce results in the form required, and is also printed out for
visual presentation of unprocessed readings to allow immediate, on-the-

spot evaluation.
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CHAPTER 6

THE MODEL TESTING FACILITY

IN A WIDER CONTEXT

6.1 PRESENT CAPABILITIES

The model testing facility fulfils the specified objectives for both
clay bea consolidation and footing tests (see 5.3.1, 5.4.1). 1In so
doing, it also has a certain built-in versatility which will allow

it to be used for more varied work. The key ggvthis lies mainly

in the caéacity to produce large beds of clay under controlled
conditioné. The extent of boundary effects is made small, so that

a large volume of unaffected clay is produced. The only real
limitations on preparing beds are the upper bound to consolidating
pressure, fhe level of partial wvacuum that can be applied for controlled

.swelling, and the range of depths of bed that can be produced.

Beds produced can be .used to‘provide samples for soils laboratory
testinq{ | Provided that the sampling techniques are satisfactory,
large numbers of identical small samples (e.g. for triaxial testing)
can be taken from any one bed. Alternatively, the bed can provide
one Oor more large’samplgé (e.q; for the holiow cyiinder apparatus;
sample 250 mm high with 250 mm exterﬁal diameter). Although stress
history for some in-situ conditions cannot be reproduced, significant
variation in bed preparation, and hence samples, can be achieved.
Sampling from the prepared beds can remove possible ambiguity in
- test conditions arising when samples are taken from "undisturbed"

material, or from laboratory remoulded material.

The beds of clay prepared allow development Of in-situ testing and

sampling techniques on a reasonable scale. Small scale pile and
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footing tests can also be carried out. In all cases, many tests
can be carried out on any one bed, thus eliminating the need to
consider possible variations in bed conditions when analysing the

test results.

The loading system is designed to allow testing to ultimate footing
capacity with the Norfolk clay. Initially, testing is to be at

a rate such that conditions in the clay under the footing are
essentially undrained. This is representative of foundations of
gravity structures in the sea when these are subjected to wave

loading. It is under undrained conditions that pore pressure

build-up resulting from cyclic loading can lead to possibly detrimental
modification of foundation behaviour. In the long term,vpore pressure
dissipation in the prototype foundation must occur in the presence

of the dead load of the structure. The test facility allows the

investigation of the effect of this consolidation on footing behaviour.

6.2 FUTURE APPLICATIONS INVOLVING MODIFICATIONS

It has already been mentioned (see 5.4.1) thét it is proposed to carry
out some plane strain testing in a partitioned three-dimensional test
tank using the present loading system.. Partitioning and modification
of the model footing are relatively simple. However, in order that
sensible surface loading and drainage should be provided, a new

loading bag with modified drainage outlets will have to be developed.

The fabrication of an annular'loading bag (with its associated 1id,
supports and stiffeners) to fit around the ciréular footing will allow
a surcharge to be applied to the bed during footing tests. = Surcharge
could also be provided by placing lead shot on the bed surface. 1In

addition to allowing for variation in test conditions for clay beds,
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this modification will permit the testing of sand beds at working
loads. The loading system is not capable of inducing ultimate
conditions with a footing on sahd unless the footing diameter is
reduced to approximately 100 mm. For -the surcharge condition, the
loading bag and 1id assembly will have tobbe able to accommodate
footing 1a£eral movements and tilt. This will be a particular problem
when the bed is of clay, as displacements ére much larger than with

sand.

A 25 mm thick plate is already pfovided asTa false base plate inside
each consolidation ﬁank to support the bottom drainage filter. This
plate is able to support the weight of thé clay bed when lifted at
four points around its circﬁmference; This means that with the
provision of a suitable lifting frame, the clay bed can be removed
whole frbm the tank, making thé bed fréeiy accessible. If markers
are placed inside the'bed prior to consolidation these can then be
carefully exposed after footing teéting to provide information about

internal deformations in the bed.

Tﬁe.present loading system is capable of providing regular cyclic
1oadin§ of the footing. ' A control system for providing randomly
varfing dynamic 1oadiﬁg is required to'be added tobthe'loading system
for it to be able to reproduce more reaiistic loading conditions in
the model. Under these conditions, pafticularly, it would be
advantageous to have fully instrumehted footings, so that stress
distributions and their variation‘ in response to loading could be
recorded. Minor modification to the<§tub column to which the
footings are attached would readily allow for footings of different

proportions from those presently in use.
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NOTATION

Width of plane strain tank
Depth of plane strain tank
Modulus of elasticity

Height of a wall

Relative model footing plate stiffness
- Length of a footing

Jack load

Jack load

Footing capacity

Model footing plate radius
Jack load

‘Model footing plate thickngss
Width of a wall or footing
Deformation

Poisson's ratio

Stress

H (wall)
L (footing)




TABLE l: PLANE STRAIN TEST TANK
SIDE WALL DESIGN PARAMETERS

Condition Lateral Associated
and pressure estimated
Material (approx. lateral
(Loading: U.D.L.) _ displacement
kPa) ' (kPa) (m)

2-phase consolidation
to 350 kPa (vertical)

(i) First load increment : 250
Instantaneous latexal: ‘250
Long-term lateral : 150

(ii) Second load increment: 100
Instantaneous lateral: 100

First increment long-term plus
second increment instantaneous _ _
lateral pressure (150 + 100) 250% 1 x 10

Footing test: sand . _
(surcharge, 100; plate - S0* * . 2 x 10
loading, 150)

Footing test: clay , -4
(no surcharge; plate 125%* 4 x 10
loading, 250) ' :

* 3. Based on soil mechanics theory (Hight, 1976)

** : Based on plane strain computer study results




TABLE 2: REVIEW OF LATERAL DISPLACEMENTS
IN SOME PLANE STRAIN MODEL TESTS

Researcher/ Material Type Max. lateral Lateral Comments: tank
Date » displacement strain width
{m} (%) wall thickness
James (1965) Sand Wall 1.8 x 104 0.19 190 mm width;
16 mm and
19 mm glass
Arthur and Sand | Wall 1.2 x 10°° | 0.017 | 150 mm width;
Roscoe (1965) ' 16 mm glass
Burland (1967) Soft Clay| Footing 4 x10? 0.57 140 mm width
Bransby (1968) sand | Wall 5 x 102 0.53 190 mm width;
16 mm and
19 mm glass
Tennekoon (1970) Sand Footing 6.4 x 10_4 0.67 190 mm width;
' 16 mm and
19 mm glass
Dick (1973) Clay Footing 4.3 x 1072 0.62 140 mm width;
38 mm armour
plated glass
Ko and Sand Footing | 5.0 x 10._5 ' 0.05 100 mm width;
Davidson .(1973) i 12 mm glass
Milligan (1974) sand | wall 9 x 107° 0.09 200 mm width;
e (£illing) 16 mm glass
1.7 x 10

(failure)




TABLE 3: SOIL PROPERTIES FOR
COMPUTER STUDIES
(from Hight, 1976)

Study; _ Properties
-Material
Plane strain; Initial modulus:
0.6
sand Ei = 1500 x 103.6x (63/103.6) kPa
(non-linear) Tangent modulus at any stress level:

2
Et = Ei(l—o.28(01—03)/03))_ kPa

Poisson's ratio: 0.3

Angle of shearing resistance: ¢' = 35

Initial ,str.ess.es'.:...d.'ﬁ =050,
Three—dimensiongl; Modulus: ,
sand | Ei = 300Q0 kPé
(linear) Poisson's ratiq:: 0;3 .................
Plane strain: Initial modulus:
clay o . Ei = 5000 kPa
(non-linear) Tangent modulus at any stress levelz

Et = Ei(l-0.9153 Or)/(l+2f591 Op) kPa

0, = (0,-0,)/(0,~0,) at failure

Poisson's ratio: 0.499
Initial stresses (assuming

. overconsolidated bed) : O'H = 2.0 O'H




TABLE 4: MEASURED VALUES OF

COEFFICIENT OF FRICTION

Researcher/ Materials Method of Coefficient
test Treatment of friction
Rowe and sand greased
Barden (1964);
triaxial test membrane 0.018
Arthur and Leighton Buzzard
Roscoe (1965); sand with
retaining wall, (i) polished - molybdenum
plane strain stainless '
steel disulphate 0.18
(ii) polished paste
duralumin. 0.18
(iii) glass cleaned with
acetone 0.11
Green (1969):; sand on greasing of
triaxial test rubbexr rubber 0.01
Atkinson (1973); rubber membrane Releasil 7 0.045
triaxial test- on polished brass grease, OY or
or stainless steel molybdenum independent

disulphate paste;

of vertical

or mixtures of stress
these
pick (1973);: clay on grease/latex 0.05
footing test, glass rubber increasing
plane strain membrane to 0.08

with time




TABLE 5:

LATERAL DISPLACEMENT CASE -~

SAND ~ 3D STUDY -~ TANK DEPTH 1.0 m

Node Key

Three-dimensional study Plane
Node Tank width (m) strain
: study
W=0.5 W=1.0 W=1.5 W= 2.0
O,y 173 1.65 0.73 0.40 ~-0.26 - 76
168 2.4 1.1 0.67 .0.49 - 69
163 3.5 1.4 0.83 0.57 - 67
158 2.6 1.3 0.78 0.55 - 66
o 173 4.4 2.1 1.2 - 88
vy
168 8.3 4.0 2.3 - 78
163 13.0 5.5 2.9 . - 73
158 9.1 4.4 2.7 . - 72
o, 173 1.1 0.5 -0.75 -1.05 -219
168 -0.4 -0.53 -0.60 ~0.57 ' -190
163 -1.30 -0.72 -0.34 -0.14 -175
158 - -0.32 © -0.18 -0.19 -0.24 -172
8, 173 ~0.04 . -0.1 -0.25 ~0.33 - 7
168 ' -0.01 ~0.05 -0.21 -0.33 - 15
163 -0.11 -0.23 - 22
158 -0.04 -0.12 - 19
5, 173 -9.5 -4.9 - -3.6 -3.0 -438
. 168 -8.7 -4.5 -3.1 -2.6 -363
163 -5.3 -2.7 -2.1 -2.0 -228
158 ~1.7 -1.1 -1.3 -1.5 -154
173+ |
1|68+ Units: Stress: kPa
i .
163—]\- Deformations: m x 10'-5
158
|
]



TABLE 6: SIDE FRICTION CASE -~ SAND -~

3D STUDY — TANK DEPTH 1.0 m

Plane

Three-dimensional study
" Tank width (m) strain
study
Limiting friction cases
Node zero
W = 0.5 W=1.0 wW=1.5 W= 2.0 friction
9 173 ~-162 -94.6 ~-79.6 ~-75.4 -71.2 - 76
168 -108 -77.9 -69.2 -67.1 -61.0 - 69
163 -64.0 -62.3 | -60.1 -60.0 -51.8 - 67
158 -30.0 -47.2 -52.1 -54.9 -45.0 - 66
°§y 173 -154 -106 -98.0 -95.9 -101 - - 88
168 -79.7 -70.7 -69.1 -69.7 -80.3 - 78
163 -42.9 -46.7 -47.7 -49.5 -69.0 - 73
158 -19.0 - -28.1 -33.9 -38.9 -64.4 - 72
o, 173 -475 -299 -259 -250 -268 -219
168 -349 -257 . | =227 -218 -221 -190
163 ~199 -207 -201 -198 -190 -175
158 -890 -157 -175 -181 -175 -172
S, 173 -11.7 | -7.5 -6.5 -6.8 - 18 -7
168 -19.1 | -19.0 -17 -16.9 - 29 - 15
163 -12.9 -22.1 -23 -23.3 - 39 - 22
158 -5.3 -16.0 -20 -20.6 - 42 - 19
S, 173 -398 -452 ~463 -463 -456 -438
168 -280 -376 -398 -404 -391 -363
163 -128 -247 -281 -291 -283 -228
158 - 56 -144 -174 -183 -183 -154
173
168 —
l Units: Stress: kPa
163 -} 5
! Deformations: m x 10
158 |
Nade Ke§




TABLE

TEST DETAILS AND RESULTS

7: 229 mm OEDOMETER AND ASSOCIATED FOOTING

I II I1I1Aa III IIIB Iva Iv IVB v VI
1 1 -0.8 34.6 | +0.2 16.2 | 16.5| 17.0 | 455 420
1 ~0.7 35.0 | 40.2 15.5 | 16.3] 17.0 | 261 | 450
37| 2 -0.5 33.7 | +0.2 15.7 | 15.6{ 15.6 | 410 | 420
4 2 ~0.2 38.0 | +0.2 14.7 | 15.0| 15.3 | 307 | 3%
5 3 —0.1 40.1 | +0.3 15.8 | 15.9| 15.8 | 237 | 360
6 3 ~0.3 39.1 | +.2 | 15.7 | 15.7| 15.5 | 261 430
7 3 ~0.3 40.4 | +0.3 15.7 | 15.6| 15.4 | 215 | 435
8 3 ~0.4 37.1 | +0.4 15.6 | 15.2| 14.8 | 216 | 415
9 3 —0.8 31.1 | +0.3 | .15.9 | 15.3) 14.9 | 216 | 450
10| 3 -0.1 30.2 | 40.3 15.5 | 14.3| 13.5 | 212 470
11 3 -0.5 30.2 40.5 15.5 | 14.3| 13.3 214 | 485
12 2 -0.4 31.7 | +o.1 15.9 | 16.0| 16.3 | 357 375
13 ~0.3 | 30.4 | +0.1 15.7 | 16.1{ 16.5 | 218 | 300
14 —0.1 29.6 | +0.1 16.0 | 15.2| 14.8 | 288 | 466

KEY TO COLUMNS :

I
1T
IIT

Iv

Vi

e

T

Test Numberx

Consolidation Load Sequence Type (see 4.4.2 to 4.4.5)

Average Initial Moisture Content (%)

IITIA : Variation to minimum moisture content (%)

IIIB : Variation to maximum moisture content (%)

Average Final Moisture Content (%)

IVA

IV

Total time for consolidation (hours)

Mean top surface moisture content (%)

Footing Ultimate Bearing Capacity (kPa)

Mean underside of sample moisture content (%)




TABLE 8: 229 mm OEDOMETER TESTS:

CONSOLIDATING PRESSURES

Test Load : Load - Load Load
Numbers Increment Increment Increment Increment
1l ' 2 3 . 4
1 and 2 -33 80 160 320
3,4 and 12 13 | 36 120 325
5 and 6 13 36 120 325
-35 -35" -35 -35
7 and 8 13" . 36 120 325
-0 -70 - =70 -70
9 to 11 13 - 36 120 325
-70 - =70 . -0 -70
13 and 14 - 18 35 120 325
-70 =70 - -70 -70
NOTES: (i) Top sufface pressures are shown positive. Levels df
" partial vacuum applied to the underside of the sample are
. shown negative. |
(i1) Vvalues for top surface pressures for Tests 1 to 8 are

(141)

average values (see 4.4.1)

Units: kPa .




TABLE 9: NORFOLK CLAY:LIQUID LIMITS

AND PLASTIC LIMITS
. (from Hight, 1977a)

Sample LL . PL Comments
(%) (%)

Al 25.0 v 15.0 Preliminary samples

A2 23.6 12.8 taken from clay seam

: in area selected for

A3 24.9 13.6 bulk sampling

Bl 25.4 12.4 Top layer of bulk
25.3 13.2 sample

B2 25.1 12.9 Middle layer of bulk
25.5 12.2 sample

B3 24.6 12.7 Eottom layer of bulk
25‘.75_ ' 11.4 sample

B4 ’2»5".5 12.5 Mixed Bl to B3 types




TABLE 10: LARGE SCALE TESTIN G FACILITY : MAIN

EQUIPMENT AND COMPONENT DETAILS

ITEM

DETAILS

Data logging

Load Cells

Linear
Displacement
Transducers

Pressure/Vacuum
transducers

Load Bag:
Neoprene Latex

Adhesive
Filter:
Main layer

Back-up layer

Bearings:

Vacuum system

Pressure system

Solartron A210/214 Digital Voltmeter
3240a pata Transfer Unit
3325 Scanner Basic Assembly
389 10-Channel Modules

Clary 3227A Printer
Facit 4070 Punch
Sangamo Weston Controls

D91/10000
D91/ 5000

5000 Kg
- 2500 Kg

Sangamo Weston Controls

NDLR/25 * 25 mm travel
NDLR/50 * 50 mm travel
NDLR/150 150 mm travel

Shape Instruments
H215~5 J.P.B.

Medcraft Bros. : 0.8 mm thick
Elongation at break  880%
Tensile strength 215 Kg/cm?
Shore hardness 32/42

Dunlop Semtex : Two part cement S.2000

Porvair Ltd.:Vyon filter: 0.75 mm thick
' 3.2 mm thick

Strand glass:Woven rovihg: 830 gm/sqg.mi.
' (fibre glass)

SKF: maintenance~free spherical plain
bearings, steel/PTFE fabric
thrust ball bearings

deep groove ball bearings

T

Edwards: Vacuum pump : 1sC 450B
Isolation valve : 8v25
Oil mist filter : OMF 500
Vacuum switches : VSK 1B

Speedivalves : SC (1%)

Monostat: Control values : 20~415 kPa
G.X. Engineers: Reducing valve

B11-M3 35-1050 kPa




TABLE 1ll: LARGE SCALE TESTING FACILITY:

CAPACITIES OF LOADING SYSTEM COMPONENTS

Component - Maximum Component
applied Working stress
force Capacity
(kN) (kN)

- Vertical load

system:

Links 50 ' 125
Bolts 50 120
Bearings (GE25C) 50 129

Horizontal load

system:

Links 12.5 74
Bolts 12.5 72
Bearings (GEL7C) 12.5 58

Note: Load frame and load transfer beams are designed on the
basis of strict deflection criteria and have adequate

strength.
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