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Abstract

Groups of piles are commonly used as high capacity foundations. It is recognised that

the load distribution among piles in a group will vary and it is thought that the inner

piles are likely to make a relatively small contribution to the total load carried. The

essence of the research undertaken is to establish the relative effectiveness of pile

groups with either no inner piles (perimeter group) or a single central pile (target

group) when compared to the more commonly used grid group arrangement. Pile

groups in which the central piles were omitted were used for the Cannon Place

redevelopment in london and provided the impetus for the research project.

The main research technique used is geotechnical centrifuge modelling. Samples of

overconsolidated kaolin clay were prepared and tested on the centrifuge at City

University london. This provided a firm clay into which pile groups could be installed in

a wide variety of arrangements. Three or four different pile groups were located in

each centrifuge model and loaded to failure using a strain-rate controlled load

actuator. The individual model piles were made of 5 mm diameter aluminium rod

placed in holes pre-drilled in the consolidated kaolin prior to the centrifuge test. All

piles extended to a depth 250 mm in the clay giving an lId ratio of 50. The ranges of

pile groups tested are linear, circular and square perimeter, circular and square target

and square grid. Single pile tests provided the reference pile capacities used to

normalise the data from the 23 centrifuge models tested.

The experimental work was complemented by a parametric numerical modelling study

using the finite element programme Abaqus. This gave insight into the pile-soil

interaction and permitted a more meticulous analysis of the soil stresses and

displacements. In addition, the numerical modelling enabled extension to the original

variables tested as part of the centrifuge experiments and the soil shear strength and

lId ratio were varied.

The pile groups failed in one of two ways: either as individual piles with the piles

settling into the ground with no noticeable settlement of the soil surrounding a pile, or

as a block with the soil contained within the outer ring of piles settling by the same or

xxiv



similar amount as the piles. The change from block failure to individual pile failure

often occurred at a pile centre-to-centre spacing of about two pile diameters though

variables such as number of piles, the presence of a target pile and the strength of the

soil all had an effect.

The efficiency of a pile group is defined as the load capacity of a pile group expressed

as a ratio of the number of the piles in the group multiplied by the load capacity of a

single isolated pile. It was demonstrated that a grid group arrangement was the least

efficient of the groups tested, whereas a perimeter group arrangement could achieve

higher efficiencies of greater than unity and the inclusion of a target pile could further

enhance the group efficiency. It has been shown that a target group comprised of 17

piles (16 piles plus one central pile) has a significantly higher efficiency than a 5x5 grid

group comprised of 25 piles, such that the capacity at lower settlements is the same

for both groups.

xxv



Introduction

1 Introduction

1.1 Background

"...Construction of groups of piles can be an effective and practical

means of forming high capacity foundations in canfined spaces.

However, the inner piles within a group of uniformly and closely spaced

piles may make little contribution to the group performance. In this case,

the group capacity becomes dependent upon the geometry of the

envelope rather than the capacity of the single piles. Under these

conditions the most efficient group may be one which comprises a ring of

piles around the periphery of the area defining the group, with all central

piles omitted ..."

[discussions of initial concept, 2008J

The research is linked to a construction project in the City of london. The foundations

for part of the Cannon Place redevelopment incorporate 11 pile groups arranged as

square and rectangular 'perimeter groups'. This foundation design solution was

adopted principally because of the numerous site constraints, but has gone on to win

awards for the degree of ingenuity involved. More details of the project are given in

Chapter 3.

The purpose of this project was to explore characteristics of pile groups that are

installed in a perimeter group arrangement, which can be described as a group where

the piles are closely spaced around the perimeter only, leaving a body of soil in the

centre (see Figures 1.01 and 1.02). Such pile groups may be installed when it is

necessary to carry large loads in confined spaces but there is currently little experience

of the performance that could be expected. It has been suggested that central piles

within a group may contribute little to the overall capacity, and this research aims to

answer this supposition. The main issues concern the geometry of the group; the

1



Introduction

number of piles, the spacing and the shape in which they are arranged. These

properties will affect the soil-pile interaction and consequently the overall behaviour

of the group, and thus its efficiency.

Initially, the capacity of a line of piles, such as in a bored pile wall, was investigated.

The capacity is usually assumed to be based on the geometry of an envelope

comprising the planes to the rear and front tangential to the wall and the base area

between them (see Figure 1.03). This approach needed to be compared with the

capacity of the individual piles and requires an understanding of how the installation of

piles in close proximity to each other affects the capacity of the pile group and how the

soil in between the piles responds when the piles are loaded. With an initial insight

into the behaviour and the mechanisms by which the piles fail, the work was then

expanded to more complex group arrangements, as well as forming a baseline

comparison with traditional 'grid' group layouts. A key feature of the experiments was

to use single pile correlation and a reliable system for measuring the shear strength of

the clay so that each model, which comprised a number of pile group tests, could be

compared with all other models, regardlessof the soil sample in which it was tested.

1.2 Synopsis

This centrifuge research project was aimed at exploring the behaviour of perimeter

pile groups in firm/stiff clay. The number of piles, pile spacing and group geometry

were varied, whilst the pile diameter and pile length remained constant. The pile

dimensions represent the highest length/diameter (I/d) ratio (lid = SO) that was

practicably possible for modelling purposes using the centrifuge facility at City

University london. A high lid ratio was sought to best represent the equivalent

prototype.

Apparatus was specifically developed to allow centrifuge testing of a number of

perimeter groups within a single clay sample and to allow the installation of piles with

high positional accuracy. Aluminium model piles were installed in overconsolidated

kaolin clay; they were loaded under monotonic axial loading conditions and tested to

failure. Each of the initial tests comprised four groups of five piles in a linear

2



Introduction

arrangement and at a variety of pile to pile spacing ranging from 1.0 to 3.0 pile

diameters, d. The main purpose of the linear group tests was to ascertain if there is a

relationship between pile spacing and load capacity. The subsequent tests aimed to

investigate the geometry of perimeter groups and how the pile arrangement affects

the failure mechanism, the group capacity and thus the pile group efficiency. The

properties under investigation are summarised in Table 1.01.

It is reasonably widely accepted that pile groups in clay have an efficiency of less than

one, which means that the group capacity is less than no., where n is the number of

piles in the group and Q is the capacity of a single isolated pile. Efficiency is defined

and discussed fully in the literature review, in Section 2.3. However, the definitions

given are more specifically the solution for groups installed in a grid arrangement and

the same rule does not necessarily apply to perimeter groups. There is often confusion

and contradiction surrounding the design of pile groups and how the capacity of each

given pile is affected by each neighbouring pile. The research was aimed to further the

understanding of the behaviour of pile groups and to see how this knowledge can then

be applied to practical situations.

1.3 Actions and objectives

The research involved a series of physical model tests supported by numerical analyses

and was, where possible, related to the monitoring that was carried out in connection

with the work on site at Cannon Place. The main objective of the research was to

provide an understanding of the behaviour and efficiency of perimeter pile groups. To

achieve this, the principal actions were:

• Design and commission of apparatus

• Establish a repeatable test method

• Determine the capacity of a single pile

• Evaluate the relationship between pile spacing and group capacity for linear

groups

• Assessthe likelihood of block failure for perimeter groups

• Compare the efficiency of grid groups with previous publications
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• Observe the relationship between pile spacing, group size and geometry

• Suggest a solution for the design of pile groups, in terms of efficiency

1.4 Thesis summary

~ Chapter 2: Literature Review

The literature review is divided into five relevant sections as follows: design of piles in

clay soil; pile spacing and group efficiency; pile-soil interaction under axial load;

centrifuge testing of pile groups in clay; and existing research into perimeter pile

groups. A whole range of information sources has been researched and reviewed,

including journal papers, conference proceedings, books, design codes, theses, along

with several other engineering publications.

~ Chapter 3: Cannon PlaceRedevelopment

An introduction to the construction project at Cannon Place is explained. This

redevelopment was the initial driver behind the research project and includes 11

perimeter groups. A summary of the pile design, the construction of the pile groups

and the related monitoring is included (comparisons have been made between Cannon

Place monitoring data and the centrifuge and numerical modelling in following

chapters).

~ Chapter 4: Centrifuge Modelling Theory

The chapter begins with an introduction to centrifuge modelling, the principles and

associated scaling laws. There are a number of sources of error concerned with this

test method, which are discussed. A precis is given of the specific centrifuge facility at

City University london.

~ Chapter 5: Centrifuge Testing

The entire process of centrifuge testing from clay preparation to test completion is

explained. It includes a description of all the apparatus components, the preparation

of the soil sample and a detailed step-by-step procedure of the model creation. The
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instrumentation involved in recording the data is presented, along with an explanation

of the test methodology.

» Chapter 6: Centrifuge Analysis

This chapter is concerned with describing, discussing and analysing all of the tests

completed. Twenty-three tests were undertaken, which includes approximately 50

successful pile group tests, incorporating a wide variety of arrangements. Those tests

that were deemed unsuccessful are also discussed, along with the lessons learned and

consequent modifications.

» Chapter 7: Numerical Modelling

The numerical modelling was undertaken using the software programme Abaqus. This

chapter gives an introduction to Abaqus, along with a description of each aspect of the

model that was constructed and the various modifications that were made between

tests.

» Chapter 8: Numerical Analysis and Comparison

This chapter continues on from the description in the previous chapter. The results of

the modelling are described and analysed and a comparison is made with the results

from the centrifuge modelling. In addition, the modelling allowed an insight into soil

movements and stresses and also permitted efficient testing of different variables.

» Chapter 9: Discussion

These few pages are a discussion of all relevant facets of the research, which need to

be revisited and embellished before the final conclusions are drawn.

» Chapter 10: Conclusions and Further Work

This aim of this chapter is to summarise all the pertinent findings and conclude with

what has been learned from this research and indicates what other work could lead to

further understanding of this toplc.
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2 Literature Review

2.1 Introduction

The literature review has been divided into the following five sections:

• Design of piles in clay soil

• Pile spacing and group efficiency

• Pile-soil interaction under axial load

• Centrifuge testing of pile groups in clay

• Existing research into perimeter pile groups

Publications from a wide range of sources have been studied and their significance to

this research topic and the proposed model tests is discussed. Sections 2.2 to 2.6

present the key information that has been discovered; Section 2.7 goes on to

summarise and critique these findings in the context of the research project.

2.2 Design of piles in clay soil

2.2.1 Pile design equations

The first established journal paper on the design of single piles in clay was written by

Skempton and published in 1959. Since then, little of the fundamental design has

changed, but this first paper has been supplemented by much additional research.

Skempton stated that current pile design requires calculation of end bearing capacity,

shaft capacity and the working load calculated by applying a factor of safety (FoS), as

well as a reduction factor applied where piles have been placed in a group.

The basic equation for ultimate pile capacity, 'lult, originally stated by Skempton

becomes:

'lult = suPuL+ sutNA (Equation 2.1)
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Where s.Pul, is the shaft friction component and sutNAis the end bearing component

and the equation is comprised of the following parameters:

s, undrained shear strength (average over the effective length of the pile)

P pile perimeter

a adhesion factor

l pile length (effective)

Sut shear strength at the pile toe

N bearing capacity factor

A pile cross-sectional area

The equation is limited for use with piles loaded under undrained conditions. For

circular piles loaded at depth within a mass of clay, N is generally considered to be

equal to 9. The evidence for this is given by Skempton (1951) but the two principal

theories are those of Mott, later developed by Gibson (1950) and Meyerhof (1951).

The allowable capacity, Oa, is given by the equation:

o, = (GOult)/ FoS (Equation 2.2)

Skempton explains that the factor of safety is applied partly to minimise settlements

and partly to allow for any unknowns. The value adopted is usually dependent on pile

testing and information available from the ground investigation; where little

information is available, a value of 3.0 is commonly used. The group factor, G, is equal

to 1 for an isolated pile, but where the piles are closely spaced G is less than 1.

Whitaker (1957) reports on an experimental investigation and found that for piles

spaced at 3.0 d, G lies between 0.7 and 0.8 depending on the number of piles and the

slenderness ratio. However, it should be noted that his tests were carried out using

very soft clay. Whitaker's paper is discussed in more detail in Section 2.3.

The ultimate capacity of a pile is reached when the pile first continues to settle at a

steady rate under constant load (or the maximum load in a constant rate of strain

test). At lower loads the rate of settlement decreases with time and eventually

becomes zero. Pile loading tests (Skempton, 1959) have shown that for piles between

7



Literature Review

300 to 600 mm diameter, the settlement at the ultimate capacity is approximately

0.085 d. The findings of Skempton, which relate to the design of bored piles in London

Clay have remained the cornerstone of bored pile design. The formula of pile capacity

has gone virtually unchanged and the findings are still generally as outlined in his

original paper.

Z.Z.Z The adhesion factor

Skempton (1959) analysed records of loading tests on bored piles in London Clay from

10 sites. The ratio, a., of adhesion developed on the shaft, to the average undisturbed

shear strength of the clay, su, was found to be about 0.45. This value of a. applies a

factor to the Suvalue to take account of the different friction at the pile-soil interface

compared with the soil-soil interface. The value of less than unity was felt to be largely

because the clay immediately adjacent to the pile shaft absorbs water during drilling

and also from the wet concrete used to form the pile. A range of a. values were

calculated and were found to be as high as 0.6 and as low as 0.3, depending on the

geology, method of installation and workmanship. However, since this publication,

piling techniques have advanced and higher values are now more common, as

discovered by Burland (1973). In 1959, bored piling methods using winch operated

tripod piling rigs were common for installing replacement piles and the construction

duration would have led to extended softening of the clay, compared with modern

methods of replacement pile installation.

Burland gives a wider range of values that a. may take; between 0.3 and 1.5 depending

on soil and type of pile. However, in practice, it is considered ill-advised and virtually

unheard of to use an a. value of greater than unity. Following a large number of tests it

has been possible to develop correlations of values to particular types of pile in various

ground conditions (e.g. Tomlinson 1963 and 1971). Generally, the a. value reduces

from unity for piles in clay of low strength, down to 0.5 or less for clay of strength

greater than 100 kPa.

The relationship that exists between s, and a. is often presented in a graphical format

such as is shown in Figure 2.01. Each of the three graphs shows the relationship for
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different stratigraphy, and further differentiates for different lid ratios. Generally

speaking, the lower the su,the higher the value of a and the higher the rate of change

of the a value.

2.2.3 Alternative design methods

Burland (1973) outlined an approach to calculating the shaft resistance of piles in clay.

Whereas Skempton's method used the undrained strength of the clay, Burland's

method used effective stress principles. Burland states that failure of the soil usually

takes place some distance beneath the base of the pile and therefore much of the soil

involved in shearing will not have suffered disturbance during installation. However,

this is only really significant for large diameter piles with a relatively low slenderness

ratio. In the long term, the soil beneath the base will normally experience an increase

in effective stress and so an increase in strength. Therefore, the undrained bearing

capacity represents a safe lower limit. As stated by Burland, using undrained strength

to calculate end bearing seems justified, but there is little reason for using undrained

strength to calculate shaft adhesion when the major shear distortion is confined to a

thin zone (Cooke & Price, 1973) and drainage will take place rapidly.

The shear strength of soils is largely determined by the frictional forces arising during

slip at the contact between the soil particles. This is a function of the stress

transmitted by the soil skeleton rather than the total normal stress. The maximum

shear resistance on a plane through the soil is often given by:

'tf = c' + o'tano' (Equation 2.3)

'tf shear strength (peak)

c' effective apparent cohesion

o' normal effective stress

~I effective friction angle

The effective stress approach to shaft friction in stiff clay is more complex. The

approach described is similar to that outlined by Chandler (1966, 1968). The following
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equation is still assumed to apply (although less so for driven piles) but there is a

problem estimating the value of K.

ts = po'Ktano {Equation 2.4}

r, shaft friction

Po' vertical effective overburden pressure

K earth pressure coefficient

o angle of friction between pile and soil

According to Burland, the value of K can be greater than 3 near the surface and less

than 1 at depth. Therefore, the first step is to estimate the shaft friction corresponding

to K = Ko, an 'ideal pile' where initial stress conditions are not altered during

installation. Values of Koat various depths in London Clay have been deduced from

laboratory tests by Skempton (1961) and others. Failure will be in the remoulded soil

and for London Clay,~' = 22 0 (remoulded drained angle of friction).

Fleming et al {1992} agree that provided the pile is formed promptly after excavation

of the shaft, little change in the in-situ effective stress state in the soil should occur,

and Equation 2.4 may be applied. In heavily overconsolidated soil, some allowance for

stress relaxation should be made with a reduction in K value. The friction angle to be

used for Equation 2.4 is debatable. The surface for most bored piles will be sufficiently

rough to ensure failure takes place in the soil around the pile rather than exactly at the

interface. However, it has been suggested {for example, by Burland & Twine, 1988}

that a residual angle of friction is appropriate, particularly for piles in stiff heavily

overconsolidated clay.

Fleming (1992) states that the long-term, drained (effective) end-bearing capacity of a

pile in clay will be considerably more than the undrained capacity. However, that the

settlements required to mobilise the drained capacity would be far too large to be

tolerated by most structures. It is known that pile capacity can increase with time,

particularly for driven piles in clay (or fine grained) soils. The change in capacity is

brought about by pore pressures, which are in excessduring pile installation, but then
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dissipate and the soil will consolidate. Therefore the water content of the soil will

decrease and so the shear strength will increase.

In summary, the effective stress method is good for soft clays, but for stiff clays the

approach is more difficult. For London Clay values of Ko have been estimated and used

to obtain a relationship between r, and the mean depth for an 'ideal pile'. Comparison

with pile test results appears to confirm that this ideal relationship gives an upper limit

of r, for bored piles and a lower limit for driven piles (Burland, 1973).

2.2.4 Components of capacity: Qs and Qb

Burland & Cooke (1974) detail a method for determining Oa (Equation 2.2) for piles

with a wide range of dimensions. In fine grained soils, the frictional component is

generally much greater than the end bearing, unless the pile has been constructed

with an enlarged base (underreamed). The significance of the geometry was not

appreciated until Whitaker and Cooke (1966) carried out tests separating the shaft and

base components of the load capacity of the pile. Their results show that the two

components of load capacity are mobilised at different magnitudes of settlement, as

shown in Figure 2.02.

The frictional resistance develops rapidly and linearly with settlement and is generally

fully mobilised at 0.5 % of the pile diameter (0.05 d) and thereafter it remains

constant, with no load increase. Whereas the base resistance is rarely fully mobilised

until settlement reaches 10 to 20 % of the base diameter (0.10 to 0.20 d). This value is

slightly higher than that suggested by Skempton. The load vs settlement behaviour of a

pile is normally far from linear, although it is often convenient to assume it is linear for

loads of less than one third of the ultimate base resistance.

Some settlement caused by consolidation will invariably occur and the movement will

cause further load capacity to be mobilised at the base. If the total load is unchanged

during this time, the load transferred to the soil by the shaft must fall to the same

extent as the base load increases. So, the components will change, but the overall

factor of safety will remain constant (Whitaker & Cooke, 1966).
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Fleming et al (2009) comment that the shaft capacity is mobilised at typically 0.5 to 2 %

of the pile diameter (0.005 to 0.02 d), whereas the base capacity may require

displacements as large as 5 to 10 % of the pile base diameter (0.05 to 0.10 d) for full

mobilisation. Once the pile shaft capacity has been fully mobilised, the 'stiffness' of the

pile-soil system reduces to that of the pile base and then the displacements start to

increase rapidly.

2.2.5 Design of pile groups in clay soil

Piles are often installed in groups and tied together by means of a pile cap. Failure of

this pile group may occur either by failure of the individual piles, or failure of the

overall block of soil. Section 2.3 goes on to discuss the concept of pile group efficiency,

so all that will be said for now is that in certain situations, the capacity of a pile within

the group may be reduced by comparison to a single isolated pile. This is especially

likely in the case of driven piles into sensitive or soft clays.

Fleming et al (1992) provide details on the design of pile groups. They state that in the

case of block failure, soil between the piles may move with the piles, resulting in

failure planes that follow the periphery of the group, or in some cases, localised rows

of failure may occur (see Figure 2.03). In general, block failure is associated with close

spacing of piles, although quite what constitutes a 'close spacing' is mostly undefined

in literature, or at least, cannot be agreed upon. Fleming instructs that independent

calculations should be made of both the block capacity and the individual pile

capacities, to ensure that there is an adequate factor of safety against both modes of

failure.

Fleming, along with numerous other Authors, explains that the axial capacity of a

group failing as a block may be calculated the same way as for a single pile (using

Equation 2.1), but now using parameters: perimeter, P, and area, A, for the whole

block, rather than a single pile, which assumes that the full shear strength of the soil is

mobilised around the perimeter of the block. In addition, the bearing capacity factor

needs to be recalculated accordingly, from the equation:

N = 5(l+0.2B/A) . [l+(1/12B)) (Equation 2.5)
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B group breadth (plan)

A group length (plan)

embedded pile length

It should be noted that the settlement needed to mobilise the base capacity of the

block will usually be very large (e.g. 5 to 10 % the width of the group). Since the end-

bearing pressure would be much more significant than the skin friction, block failure

only becomes more likely than the failure of the individual piles where the increase in

base area is offset by a substantial decrease in surface area, therefore piles with a

higher slenderness ratio are less likely to fail in this way.

Pile group settlement and load-distribution under pile caps and piled rafts is discussed

in great detail in the literature, most notably by Randolph and Poulos. However, these

complex and extensive subjects are beyond the focus of the research and will not be

discussed in this review, with the exception of a short paragraph on load distribution in

Section 2.3.3.

2.3 Pile spacing and group efficiency

2.3.1 Pile spacing

Whitaker (1957) carried out a series of experiments on groups of model piles

investigating the effect that neighbouring piles have on each other. The experiments

were carried out in soft remoulded London Clay, with a shear strength of between 4

and 9 kPa and groups of piles in a grid layout, 3x3, SxS,7x7 and 9x9 were tested. Two

modes of failure of the pile groups were observed; block failure where the central soil

is incorporated and the group appears to behave as one large foundation; and

individual failure where the piles fail as separate entities. It was found that the

transition from block failure to individual pile failure occurred at a spacing of 1.7S d for

piles 24 d long in a SxSgroup; whereas the transition occurred at 2.2S d for piles 48 d

long in a 9x9 group. Graphs of all these results are shown in Figures 2.04 and 2.0S. This

behavioural transition (the pile spacing where block failure shifts to individual failure)

was at progressively closer spacing for shorter piles and smaller groups. The transition
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found by Cooke (1974) is slightly higher than that found by Whitaker, although this

could be due to a number of factors, for example the method of pile installation or the

shear strength of the clay. The values are generally in agreement with each other.

Barden and Monckton (1970) advanced the work undertaken by Whitaker and

included tests in soft and stiff clay, with undrained shear strengths of 7 and 106 kPa

respectively. The tests involve the consolidation of powdered clay (at a water content

of 1.5 x WL) using a Rowe consolidation cell and the installation of groups of driven

piles. Steel rods of 3.2 mm diameter and 102 mm in length were driven 63 mm into the

clay in square groups of 3x3 and 5x5. The piles were connected by a rigid cap, which

was well clear of the clay and the groups were left 24 hours between driving and

starting the tests. The results indicated that block failure occurs for pile spacing less

than 2.0 d in both soft and stiff clay, which is slightly less, although concurrent, with

the results of Whitaker (1957) and Cooke (1974).

A peak capacity was found at a pile spacing of 2.0 d and there was then a drop in

capacity with increased pile spacing, before a final increase in capacity, as the spacing

further increased (see Figure 2.06). The Authors put the increase in capacity down to

local strengthening of the clay in the region of the closely spaced groups, following the

dissipation of the pore pressures induced by pile driving. However, this is unlikely to be

true in the case of bored piles, so it is probable that a different pattern of results will

be observed from such tests. The possibility of clay strengthening greatly complicates

the application of the simple efflclencv formulae such as the Converse-Labarre

equation, which is discussed in Section 2.3.2.

Cooke (1974) discussesthe subject of pile spacing and group efficiency. It is noted that

piles forming a group are frequently installed at close pile spacing, typically 2.0 to

4.0 d. Cooke specifically defines the efficiency as the ratio of the average load per pile

in a group when failure occurs (continued settlement at constant load), to the ultimate

bearing capacity of a comparable single pile. The settlement ratio is best defined as the

settlement of a pile group divided by the settlement of a single pile when both carry

the same proportion of their ultimate load. Cooke's model experiments concluded

with the following observations:
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• Increased efficiency with increased spacing

• Maximum settlement ratio at 2.5 d, falling with increased spacing (for a

constant number of piles)

• Block failure common where spacing is less than 2.5 d

• Rigid cap on ground surface increases capacity at pile spacing of more than

2.5 d (at the expense of greater settlement)

The block capacity of a group may be less than the sum of the individual pile

capacities. De Mello (1969) summarised data for pile groups of up to 9x9 piles and

showed that block failure did not become pronounced until the pile spacing is less than

2.0 to 3.0 d (again, in keeping with previous research). Full scale tests on a 3x3 pile

group in stiff clay (O'Neill, 1983) confirm that the pile group capacity may be estimated

with good accuracy as the sum of the individuals (the same as 11 = 1). Various findings

from research carried out on pile group efficiency in clay have been summarised and

are shown in Figure 2.07. Fleming (1992) also suggests a series of efficiency factors,

which take into account pile slenderness ratio, pile stiffness ratio, pile spacing ratio,

soil homogeneity and Poisson's ratio. However, Fleming et al (2009) postulate that the

concept of 'efficiency' of a group is more appropriately used in respect of the stiffness

of the foundation, rather than the capacity.

It is agreed by many Authors that the two modes, of individual pile and block failure,

should be appraised independently. Large pile groups designed conventionally may

have very low efficiencies, which has highlighted the need to improve design methods

for such groups, optimising the quantity and location of the piles.

Piles that have a diameter of 300 mm or less and have a relatively high slenderness

ratio (50, or higher] are often referred to in practice as minipiles or micropiles. Advice

and guidelines relating to the design of pile groups formed with piles of these

dimensions are numerous. The British Standard for 'Execution of special geotechnical

works - Micropiles' (BS EN 14199:2005) makes the following two statements with

regard to spacing:
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• The spacing of micropiles shall be considered in relation to micropile type,

micropile diameter, length of micropile, the ground conditions, and their group

performance.

• The possible interference of one micropile with another during installation

should be considered when determining micropile spacing, orientation and

installation sequence.

The 'Micropile design and construction guidelines' issued in June 2000 by the US

Department of Transportation Federal Highway Administration {FHWA} give slightly

differing comments. For friction piles in cohesive soils they recommend a reduction

factor of 0.7 where pile spacing is less than 3.0 d, because it is considered that if piles

are too closely spaced they will have a negative interaction that will result in a reduced

capacity of the group. For gravity grouted piles, they recommend that the soil type and

installation method be examined for impact to the effective stress of the soil

surrounding the piles, and the impact to the capacity of the pile group.

Despite the slight variation within these two national micropile design guidelines, it is

somewhat clear that there has been a recent move away from the fallacy that piles

should be spaced at more than 3.0 d and that it comes down to a matter of judgement,

which should be based on the particular site in question. What is also apparent is the

lack of commitment to any specific advice; generally the guidance is rather vague.

2.3.2 Efficiency design and equations

The efficiency of a pile group is defined as follows:

11= capacity of pile group I (n . capacity of an isolated pile) (Equation 2.6)

where n is the number of piles in the pile group.

The Converse-Labarre equation {Bolin, 1941} is an efficiency formula, which calculates

the efficiency of pile groups. The equation can be written as follows:

11= 1- {[arc tan (dIs)) I (1t/2)} . {2-{1/nc}-{1/nrH {Equation 2.7}

11 efficiency
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d pile diameter

s centre-to-centre spacing

nc number of piles in a column

n, number of piles in a row

The equation is restricted to pile groups installed in a grid formation and cannot be

directly applied to a group installed in a perimeter group arrangement. In addition, it

does not take into account variations for installation technique, slenderness ratio or

soil type. However, a modification of the formula, with partial factors to allow for the

aforementioned variations, may prove a reasonable starting place for a pile group

design formula.

Terzaghi and Peck (1948) consider that the use of efficiency formulae is contrary to

good design, since no consideration is given to the wide range of varying factors, for

example: pile type, ground conditions and I/d ratio. However, in 1967 they put forward

their own method, suggesting that the group capacity is the lesser of the sum of the

ultimate capacities of the individual piles, or the ultimate capacity of the block, which

is given by:

(Equation 2.8)

Bg plan width of pile group

19 plan length of pile group

l pile length

s, undrained shear strength

N bearing capacity factor

Feld (1943) used the idea of interference and suggested a rule whereby the calculated

bearing value of a pile in a group is reduced by one-sixteenth for each adjacent pile.

So, for example, in a 5x5 square group the corner piles are reduced by three-

Sixteenths, and the central pile is reduced by half. Thus, Feld's rule would state that

the efficiency of the 5x5 group is the same, whether the cent~al pile is present or not.
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Kerisel (1967) put forward a series of reduction factors, which he suggests apply to

closely spaced pile groups in clay. The factors are such that a group of piles spaced at

2.5 d centres would be reduced by 45 %, at 4.0 d centres by 25 %, and only at a spacing

of 10 d centres did he consider that there would be no reduction factor. It is a surprise

to learn that these reduction factors are conjured up from "some codes of practice",

which are unexplained and unreferenced in the publication {Kerisel, 1967}.

2.3.3 Loaddistribution

The experiments on load distribution {Whitaker, 1957} showed that for a large range of

loading, the corner piles take the largest and the centre piles the smallest proportion

of load and the proportion of load taken increases with distance from centre of the

group. As a function of test conditions, these results may be of restricted use in their

application to the behaviour of piles in stiff clays.

It is known that for a stiff pile cap, load is highest at the corners and also along the

edges. For a flexible pile cap, the load is distributed more evenly, but often at the cost

of higher settlements at the centre caused by a dishing effect of the pile cap.

Cooke {1974} demonstrated how interaction between piles within a group caused a

significant reduction in the load carried by the inner piles, particularly when closely

spaced. In a 25-pile square group at pile spacing of 2.0 d, each of the corner piles was

found to carry five times as much load as the centre pile; other piles carried loads

roughly proportional to their distance from the centre. This raised questions as to

whether many of the piles installed within such groups are really necessary, but of

course, if a reduction in the numbers of piles increases settlements then the

significance needs to be examined carefully.

2.4 Pile-soil interaction under axial load

2.4.1 Loadtransfer analysis

Cooke & Price (1973) have progressed advances in the subject of strain and

displacement around friction piles. They comment that important knowledge has been

gained in understanding the manner in which friction piles transfer load to the
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supporting soil using instrumented piles but that relatively little attention had been

paid to the behaviour of the soil surrounding the piles. They reference the theoretical

studies by Butterfield & Banerjee (1971) and Poulos & Davis (1968) and their

discoveries showing how settlement and load transfer are related to soil properties

and pile dimensions. However, Cooke & Price note that before these findings can be

applied to design, the underlying assumptions (in particular the effect of installation on

the shear modulus of the clay) need to be verified by field experiments.

A test involving a steel tubular pile installed in London Clay showed that movements

were greatest within a distance of about 2.0 d (horizontally) of the shaft surface, but

were measurable at distances greater than 10 d from the shaft. The clay within about

1.0 d from the shaft was considerably disturbed during installation and the shear

modulus in this zone was reduced significantly. The load transfer from the pile to the

soil increased with depth at a greater rate than the shear strength of the clay.

Motta (1994) presented an elastic perfectly plastic solution in a closed form for axially

loaded single piles under design loads based on the method of the t-z (load vs

settlement) curves. The solution allowed the prediction of vertical pile movements

with depth. Different from elastic solutions, the method can take into account (to

some extent) the non-linear behaviour of the t-z curve. An analytical t-z curve that

gives results in good agreement with the experimental ones is the hyperbola proposed

by Chin (1972). The Chin method is very simple and widely used. Chin observed that

the plot of the settlement, versus the ratio settlement/capacity very frequently results

in a linear relationship when the pile approached failure. If this curve is conveniently

modified into an elastic perfectly plastic t-z curve, it enables a closed-form solution to

be used to predict the pile settlement and load distribution. It has been expressed in

the form:

z /t = mz + C (Equation 2.9)

z the pile head total settlement

t the applied load on the pile head

m the slope of the linear plot
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C a constant (corresponding to the initial slope of the t-z curve)

Thus, if zit is plotted against an abscissa of z, a linear plot is obtained and the inverse

of the slope (11m) gives an asymptotic limiting value of t. It is often reported that the

Chin method leads to over predictions, but at the same time, it is accepted that the

linear functions predict pile performance very well. Fleming's CEMSETmethod (1992)

is generally considered an advancement of Chin's method and as a result it usually

gives more accurate predictions. The improvement is principally because Fleming's

model can distinguish the two components of shaft friction and base resistance; also, it

can predict elastic shortening. Brinch Hansen's 80 % criterion (1963) is an alternative

method, whereby the pile capacity is defined as the load that gives four times the

movement of the pile head as obtained for 80 % of that load.

Coyle & Reese (1966) observe that the ratio of load transfer to soil shear strength

(percentage shear strength developed) is a function of pile movement and depth. A

relationship is established between load transfer, soil shear strength and pile

movement which can be used to calculate theoretical t-z curves. However, strictly

speaking the relationship is limited for use with steel tubular piles.

Most piles exhibit some shaft compression at working loads, which should be

accounted for in estimating pile deflection. The extent of compression will reduce with

depth and will form a component of the total settlement. Also, the load will vary down

the pile as the load is shed into the surrounding soil and so it can be shown that very

little load reaches the base of long piles, although this less so for groups of piles.

Compression of the pile head may lead to a large relative movement between the pile

shaft and the soil, which may result in a reduction in shear transfer from a peak value

of shaft friction to a residual value. However, strain softening behaviour can also have

consequences for the ultimate capacity of long piles, where a form of progressive

failure becomes possible.

2.4.2 Numerical methods

The response of piles under axial load has been examined extensively using numerical

methods, in particular integral equation or boundary element methods (BEM). Such
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methods show how the settlement of a pile depends on parameters such as pile

geometry, pile stiffness and soil stiffness.

Randolph (1994) commented that the most rigorous treatment of piles and pile groups

is provided by the BEM as described by Poulos & Davis (1980), Banerjee & Butterfield

(1981) and Poulos (1989). Randolph noted that pile design was still centred around the

axial capacity of isolated piles and the performance of the group was assessedthrough

the use of interaction factors and group efficiencies derived from elastic theory. In

order to be accurate, attention must be paid to the non-linear response of the soil.

However, for most conventional pile groups the non-linear effects are only significant

at very high load levels.

Finite element and boundary element analyses of the response of friction piles have

shown that the load is transferred from the pile shaft by shear stresses generated in

the soil on vertical and horizontal planes. A pile may be considered as surrounded by

concentric cylinders of soil, with shear stresses on each cylinder. For vertical

equilibrium, the magnitude of the shear stress on each cylinder must decrease

inversely with the surface area of the cylinder (Cooke, 1974). However, resulting

deflections decrease with the logarithm of distance from the pile axis, and so

significant deflections extend some distance away from the pile, up to about one pile

length (Fleming et al, 2009).

Numerical techniques are readily available to analyse the detailed response of the piles

and the pile cap. One approach is to consider the area occupied by the pile group as a

region of reinforced soil. Often, the primary aim of pile foundations is to limit

settlements to acceptable levels, in particular differential settlements (the main source

of structural damage). In general, but depending on exact structural loading, the main

pile support is best placed towards the centre of the foundation, preventing the

normal tendency of the foundation to dish in the centre. Randolph shows from an

example calculation that even for a fully flexible raft a few piles located at the centre

of a raft can reduce differential settlements by a factor of two, compared to a

conventional pile group extending beneath the complete raft.
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2.5 Centrifuge testing of pile groups in clay

AI-Mhaidib (2005) describes the results of an experimental study investigating the

influence of loading rate on the behaviour of pile groups in clay. The pile groups tested

were 2x1, 3x1, 2x2, 2x3 and 3x3 with a spacing of 3.0 or 9.0 d. The load vs settlement,

axial capacity and group efficiency were investigated.

The loading rate had a significant influence on the load vs displacement response,

where the faster loading resulted in a stronger soil response. The influence on

magnitude of the pile head displacement at failure was negligible. The rate of loading

was found to affect markedly the axial capacity; the increase in capacity caused by a

lOO-fold change in loading rate was about 30 %. The relationship between logarithm of

loading rate and axial capacity was linear. The Author makes observations that the

effect of loading rate on the efflclencv of the pile group is insignificant and for the

same pile spacing the group efficiency decreases with an increase in the number of

piles in the group. The efficiency values obtained are in good agreement with those

calculated from the Converse-Labarre equation.

Saffery and Tate (1961) carried out model tests in remoulded London Clay and found

that the faster the rate of loading, the higher the recorded load at failure. They also

observed that the settlement at failure did not noticeably change for different loading

rates. The experiments also investigated the influence of the sequence of pile driving,

which involved varying the order of installation in two 3x3 pile groups. In group A, the

central pile was driven first and a corner pile driven last; in group B, a corner pile was

driven first and the central pile driven last. In group A, the capacity of the central pile

was 60 N and the corner pile 90 N; in group B, the capacity of the central pile was

100 N and the corner pile was 60 N. This result would strongly indicate that the

installation sequence has a significant impact on the capacity of the individual piles.

The total capacity of the nine piles in group B was only 90 % of the capacity of group A;

although it is uncertain whether this occurred as a result of the driving sequence or if

this was caused by another factor.
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Xu et al (2006) document tests carried out in the geotechnical drum centrifuge at the

University of Western Australia. Kaolin clay slurry was prepared to a water content of

120 % and, once consolidated, groups of five piles were jacked in to the sample at a

constant rate of 1 mm/s. The results of this research provide useful insights into the

significant influence of pile tip area ratio, Ar, and spacing ratio on the stiffness and

capacity of single and pile groups in clay. Closed-ended piles (Ar = 1) were used in

addition to open thick-walled (Ar = 0.46) and open thin-walled (Ar = 0.13) piles. It was

found that shaft friction tended to increase in proportion to Ar, but that pile group

efficiency was 0.8 for the closed-ended piles and increased closer to unity for thin-

walled pipe piles.

The pile group stiffness efficiency is defined as the axial stiffness of the pile group,

divided by the number of piles multiplied by the axial stiffness of a single pile. Stiffness

efficiency for thin-walled pipe piles was significantly higher and is such that the overall

group stiffness is relatively independent of the pile end condition. It was considered

that this research validates the effectiveness of concrete pipe piles.

2.6 Existing research into perimeter pile groups

The FOREVERproject (FOundations REinforced VERtically) was a French national

project on micropiles, which began in 1993 and concluded in 2001. It had a goal of

promoting the use of micropiles, in particular in groups or networks, by establishing an

experimental and theoretical basis for their specific characteristics and applications.

The pile groups were generally arranged as a square grid of various size and a range of

spacings were tested. Pile spacing of pile groups in sand had previously been

documented by Lo (1967), Vesic (1969), O'Neill (1983) and numerous others.

Results have shown a positive group effect for groups consisting of a large number of

slender piles, which is most likely due to 'soil confinement'; this appears to be at an

optimum value for spacing between 2.5 and 4.0 d. Below this value, block failure

occurs and above this value the piles behave independently. These results in sand are

of limited significance to the current research.
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In addition to the groups, networks of piles were tested; a network is defined as a set

of closely spaced micropiles in which the majority of elements are inclined in an

interlocking manner. The report highlighted that installation technique was an

important parameter, but was outside the scope of the study. It was found that in

loose to medium dense granular soils a positive network effect could be obtained, but

that in dense granular soils it could not. Pile networks are beyond the scope of the

current research.

Yetginer, White and Bolton (2006) carried out a series of tests on push-in piles in a

'cell' arrangement, which comprised jacked piles installed at close centres in sand

around an enclosed soil block. Two cell foundations, each comprising 12 steel tubular

piles were installed and maintained load tests were subsequently carried out. The

Authors commented that the most notable feature of the load test results was the

very high stiffness and that the response was significantly stiffer than was found for

driven or bored piles.

Perimeter pile groups were installed in kaolin clay as part of a research project

conducted by Begaj-Qerimi (2009). The work was akin to a field test that was done as

part of the Re-Useof Foundations for Urban Sites project (RUFUS),which is funded by

the European Union and aims to provide ways of overcoming problems for the re-use

of foundations for sustainable development. Eight bored minipiles were installed at

3.0 d pile spacing around the existing foundation, although their capacity was not

recorded since the main interest of the project was limited to the effect the group had

on the central existing pile. However, the experiments did show that when an existing

pile is 'reinforced' with a ring of minipiles, the capacity of the pile is enhanced.

2.7 Literature critique

2.7.1 Design of piles in clay soil

The work carried out by Skempton in 1957 still underpins the basis of pile design in

clay soils and generally yields reliable answers. To allow the load carrying capacity of

the groups to be better understood, an a value for the model tests has to be

determined. The undrained shear strength of the modelling clay (kaolin) will be
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measured at the end of each test using a Pileon hand shear vane. Then, using the

capacity found from centrifuge tests on single piles, the Skempton equation

(Equation 2.1) can be used to back calculate a value of a for the clay-pile interface.

The rate of loading in the centrifuge tests will be relatively quick and will therefore

represent undrained conditions. As a consequence, Skempton's method will be used

primarily in the analysis of results, as opposed to Burland's effective stress methods.

The kaolin used in the model tests will be a firm clay, with a shear strength of

approximately 60 kPa. The phenomenon of increasing capacity with time will not be

considered since the piles will be tested relatively quickly after installation.

Pile loading tests overseen by Skempton have shown that (for piles between 300 and

600 mm diameter), the settlement at the ultimate capacity is approximately 0.085 d.

On the other hand, Burland and Cooke (1974) argue that the frictional resistance is

usually fully mobilised at 0.05 d and the base resistance is considered to be fully

mobilised when settlement reaches 0.10 to 0.20 d. Finally, Fleming et al (2009) suggest

that the shaft capacity is mobilised at typically 0.005 to 0.02 d, whereas the base

capacity may require displacements as large as 0.05 to 0.10 d for full mobilisation.

Skempton, Burland and Cooke, and Fleming, clearly have slightly conflicting views

regarding the degree of settlement at which the different components of capacity are

mobilised. Also, these 'rules' have generally been generated from field tests, which are

significantly different from centrifuge tests. In addition, they are often the results from

piles with relatively low lId ratios, which will take up load differently from piles with

higher lId ratios. In conclusion, the centrifuge tests may well have different outcomes,

and the value of settlement suggested by these Authors should only be seen as a guide

for what will be used for the centrifuge tests.

Fleming states that in the case of block failure of a pile group, soil between the piles

may move with the piles, resulting in failure planes which follow the periphery of the

group. He instructs that independent calculations should be made of both the block

capacity and the individual pile capacities, to ensure that there is an adequate factor of

safety against both modes of failure. The axial capacity of a group failing as a block
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may be calculated the same way as for a single pile but now using parameters

perimeter, P, and area, A, for the whole block. It should be noted that the settlement

needed to mobilise the base capacity of the block will usually be very large (e.g. 5 to

10% the width ofthe group).

2.7.2 Pile spacing and group efficiency

Research into pile spacing and group efficiency has been fairly extensive, yet it is still

somewhat inconclusive. The experiments carried out by Whitaker (1957) are of great

interest because of their numerous similarities to this research. However, fundamental

differences such as soil strength, installation technique and test methodology mean

that they cannot be directly compared. The same is true for the tests conducted by

Barden and Monckton. Numerous tests were done around this time (1950's to 1970's)

to try and grasp the influence of pile spacing and its effect on efficiency. However, in

more recent years there has been a transition back to the original advice given by

Terzaghi and Peck (1948), who argued that devising generalised efficiency equations

and rules relating to pile spacing was a step in the wrong direction and that each site

should be assessedindependently.

Comparisons between this research and previous experiments of other Authors will be

critical to the apparent success of these tests. If the experiments can be correlated it

will have more stature and will result in an increased confidence in the work. Of

course, such comparisons can only be made between groups of the same kind, i.e. grid

groups.

The findings of Whitaker, with regard to load distribution are of course only of interest

to the square groups, since it can be assumed that the piles within a circular group will

share the load equally. Unfortunately, an investigation into load distribution falls

outside the scope of the research, but nevertheless is an important factor to consider.

Whitaker's results may be applicable to some extent, but again, there are a number of

significant differences. This discovery of the partial redundancy of the inner piles is a

fundamental part of this research.
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The settlement required to mobilise the base capacity of a grid group as a block is

known to be large. Therefore, if the benefits of any base capacity can be exploited in

perimeter groups then it is probable that these settlements will also be large. These

predicted increased settlements may limit the application of perimeter groups to less

sensitive structures.

2.7.3 Pile-soil interaction under axial load

Cooke & Price's pile installation test using driven steel tubes found that soil

movements were greatest within about 2.0 d (horizontally) of the shaft surface and

clay within about 1.0 d from the shaft was considerably disturbed. They also found

that the load transfer increases with depth at a greater rate than the shear strength of

the clay. These findings may be of some relevance to the model tests, because

although the piles are not driven steel tubes, the clay will be cut with a steel tube,

which is driven into the clay before the model pile is installed.

Motta's elastic perfectly plastic solution in a closed form for axially loaded single piles

under design loads gives results in good agreement with the experimental ones is the

hyperbola proposed by Chin (1972). Fleming's CEMSETmethod (1992) is considered an

advancement of Chin's method and has been widely adopted.

Relative movements between the pile shaft and the soil, caused by pile head

compression, may result in a reduction in shear transfer to a residual value. Such strain

softening may be significant and can also have consequences for the ultimate capacity

of long piles, where a form of progressive failure becomes possible. The load will vary

down the pile as the load is shed into the surrounding soil and minimal load will reach

the base of long piles at the commencement of loading, although this less so for

groups of piles.

Numerical analyses have shown that the load is transferred from the pile shaft by

shear stresses generated in the soil on vertical and horizontal planes. As reasoned

previously, for vertical equilibrium, only soil very close to the pile is ever highly

stressed. These findings are very relevant to the current research and further support

suggestions by some other Authors that only the soil in the immediate vicinity of the
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pile shaft is detrimentally stressed or disturbed, thus questioning the need for piles to

be spaced far apart.

Randolph {1994} confirms that group design is based on single pile design with the

necessary factors applied and he also shows that 'central piles' can significantly reduce

settlements, which was also discussed by Cooke (1974). An interesting advancement of

the perimeter groups, which could also be viewed as middle ground between

perimeter groups and grid groups, would be perimeter group with a single central pile.

The term 'target group' will be coined for such a group.

2.7.4 Centrifuge testing of pile groups in clay

AI-Mhaidib (2005) showed that the loading rate had a significant influence on the load

vs settlement response, where the faster loading resulted in a stronger soil response.

However, he found that the effect of loading rate on the efficiency of the pile group is

insignificant. Saffery and Tate (1961) also found that the faster the rate of loading, the

higher the recorded load at failure. In addition, he discovered that the installation

sequence has a significant impact on the capacity of the individual piles.

The loading rate of the actuator in the model tests will aim to replicate the speed of

loading in a real situation, with scale and acceleration accounted for suitably. The

installation sequence will follow a similar pattern as far as possible, for every test.

2.7.5 Existing research into perimeter pile groups

A number of previous research projects have involved investigations into pile group

arrangements that are in some ways similar to the perimeter groups involved in this

research. Despite this, there are no answers to questions regarding the behaviour or

efficiency that may be expected for bored pile groups in clay. Therefore, the research

is essential to the understanding of these pile groups.
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3 Cannon Place Redevelopment

3.1 Introduction

The research is linked to a £360M construction project in the City of london. The site

was previously a is-storey office block built in the 1960s, which is currently being

transformed into a new futuristic-style 8-storey office and retail complex. The Cannon

Place redevelopment began in July 2008 and took approximately three years to

complete.

The piled foundations for the redevelopment are a combination of old and new and

are a complex range of dimensions and pile types. The structural columns in the

northern half of the site reuse the existing under-ream piles, supplemented by new

settlement reducing piles. The columns in the southern half of the site are founded on

new under-ream and large diameter piles where there is sufficient headroom to use a

larger rig, and on perimeter pile groups where headroom is restricted. The original

design involved hand dug caissons, but this idea was unpopular and eventually

rejected on the basis of health and safety concerns. The idea was then modified and

developed into this inventive perimeter pile group solution.

The development includes 11 perimeter groups each in a square or rectangular

arrangement, comprising between 16 and 24 piles, with each group capable of

supporting the 16 MN load imposed. A summary of the pile groups is given in

Table 3.01. The piles were 305 mm diameter and approximately 30 m long, therefore

with a lid ratio of about 100. The pile spacing is 500 mm, or 1.64 pile diameters, which

was dictated by site constraints as well as the structural capacity requirements and

geotechnical limitations. The pile groups will support around one third of the columns.

The external group dimensions range from about 2.3 m x 2.3 m to 2.8 m x 3.3 m. The

pile layout drawing is shown in Figures 3.01a and 3.01b.

The closely spaced piles will work in conjunction with the virgin london Clay that they

enclose and is contained by a 1.5 m thick concrete pile cap. The piling site is
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constrained in 2.6 m of headroom and also within a Victorian multi-arch brick viaduct.

In addition, the ancient walls and floor slabs of a Roman Governor's Palace,which is a

scheduled ancient monument, created further restrictions with regard to positioning

of new foundations. The piles were installed through a pre-assembled timber frame

containing steel tubes as guides to aid with verticality of the 30 m long piles. This

method enabled the 1 in 200 verticality tolerances to be either achieved or bettered.

It was agreed that in lieu of a SIMBAT or similar dynamic test on the existing piles, a

system of ground movement monitoring points would be set up whilst the building is

constructed and the loads are being applied. The monitoring comprised a system of

precise levelling and a number of extensometer installations.

Finally, it should be emphasised that whilst the research project is linked to the

foundations at Cannon Place, it is not intended for the centrifuge tests to replicate

them. The tests are aimed at giving a broader impression of the behaviour that may be

expected for this type of pile group arrangement.

3.2 Pile design

The pile design was a collaborative effort between two specialist geotechnical

engineering consultants, one employed by the project design engineers and the other

employed by the contractor.

The site is underlain by Made Ground, overlying drift deposits of River Terrace Gravels

to a depth of approximately 4.0 m below ground level. The underlying solid geology in

which the foundations are cast is comprised of London Clay only. The undrained shear

strength of the London Clay around the site can be summarised as Su = 80 + 5.13 z

kN/m2
, where z is the depth below the top of the clay.

A comprehensive preliminary pile test programme was undertaken as a consequence

of the new and original nature of the pile group design. In addition, a number of

SIMBAT dynamic pile tests were completed once the concrete had achieved sufficient

strength. These tests were done as an alternative to integrity testing, which is not
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suitable on piles with high lid ratios. Analysis of the test pile results showed the range

of a values to be between 0.38 and 0.59.

Two initial designs were considered; design A, where the piles fail individually; and

design B, where the piles behave as a block and fail around the group perimeter. An a

of 0.4 was adopted in design A, which is low compared to the average of the tests but

is explained by the phenomenon of so-called 'progressive debonding'. In essence, as

the pile approaches its ultimate capacity, the upper section of the shaft will have

moved about 10% of the pile diameter relative the ground, whereas the base of the

pile will have moved very little, if at all. This will cause progressive debonding at the

top of the pile shaft leaving only residual friction, which will extend down the pile as

the applied load increases (Martin el ai, 2010). In design B a higher a of approximately

0.7 could be used, since much of the failure plane is through the clay itself. The shaft

area is reduced (for these more closely spaced groups) when considering the block as

opposed to the sum of the individuals, but the base area of the block is much larger

because the central soil is included, which gives higher calculated failure load albeit

with larger settlement.

The pile group analysed in the final design (a conservative combination of designs A

and B) acts predominantly in skin friction, mobilised on the outer perimeter of the pile

group. The corresponding settlement was calculated to be small, with less than 10 mm

immediate settlement. With the addition of long-term settlement and elastic

shortening of the pile, the overall settlement was expected to be no greater than

20 mm. The stiffness of the perimeter group to a column load acting on it was

therefore not expected to differ significantly from a single solid pile of equivalent

capacity. In general, the perimeter group ultimate capacity was found to be about

10 % below the single pile ultimate capacity and this is thought to be as a result of

ground relaxation caused by construction of adjacent piles (Martin et ai, 2010).

Axisymmetric finite element analysis was carried out, in addition to 3D analysis, which

used the boundary element method.

A programme of precise levelling was put in place and includes measurements on all

the main structural columns. This enabled the response of the pile groups to be
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monitored during and after building construction. The findings are presented in

Section 3.4.

3.3 Construction

A total of 190 micropiles were installed between June and November 2008. On

average, two piles were completed per day and were installed using either a Hutte 202

rig, or, where headroom was more restricted, a Klemm 702 rig with a 2.2 m mast. The

drilling of the London Clay was undertaken using nominal 0.75 m lengths of 305 mm

diameter segmental augers. Good drilling by an experienced operative was crucial to

achieve high accuracy installation, in particular concerning the pile verticality.

Temporary casing was installed prior to drilling; the area was excavated to pile cap

formation level and the casing placed before backfilling around the casing with dry

bentonite gravel mix, which would be easy to remove after piling and was suitable as a

piling platform. After pile installation, the temporary casing and backfill was excavated

back down to pile cap formation level. The casing worked as a guide over the top few

metres and helped achieve excellent verticality.

Following drilling, every borehole was checked visually by shining a light to the base of

the borehole. The verticality was also checked using a laser and was found to be

exceptionally good; in all but three caseswas better than 1in 200 and the average was

1in 580.

The piles were always concreted the same day as they were bored and a slump check

was always performed prior to accepting the concrete. The specified fluidity was

essential to ensure good pumpability and to allow the mixture to flow around the

reinforcement cage; after concreting, a 6H16 reinforcement cage was installed over

the top 12 m section of the pile.

A pictorial summary of the installation of the pile groups is shown in Figures 3.02 to

3.11, beginning from the process of pile boring and concluding with the placement of

the structural column. Figure 3.11 shows the new structural column in place, which

allows transfer of load from the new superstructure to the new pile group, bypassing
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an old Victorian arch. Every pile group had a structural column installed onto its pile

cap, someof which required this technique.

3.4 Monitoring

A programme of precise levelling was designed and implemented to monitor the

movements of the main structural columns supported by the pile groups. The

programme was, in part, to satisfy the requirements imposed by London Underground

Ltd. The limited space and regularly changing foundation areas meant that the

monitoring stations had to move location a number of times during the life of the

construction project, which has lead to some inconsistency in the results. In general,

the monitoring requirements stated that each of the main structural columns needed

to be monitored via a total station system. Figure 3.12 shows the load vs settlement

curves of two monitoring points on pile caps 4 and 10. Both pile caps have settled

approximately 4 mm. It is difficult to tell from the shape of the curves, but both

responses appear to be on the initial linear section of a normal load vs settlement

curve,which iswhat would be expected.
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4 Centrifuge Modelling Theory

4.1 Principles of centrifuge modelling

One of the advantages of centrifuge testing is that a wide variety of prototype

scenarios can be tested relatively quickly and cheaply and under the same controlled

test conditions. However, thoughtful planning is required and careful execution to

minimise the errors inherent in centrifuge modelling techniques, as discussed in more

detail in Section 4.3.

The fundamental principle of centrifuge modelling is that the stress distribution can be

reproduced at homologous points in a small scale model as in the full scale prototype.

The physics behind the concept is based on Newton's first law of motion, which is

sometimes referred to as the law of inertia. If a payload is placed on a platform with its

centre of mass at a distance, r, from the centre of rotation and then accelerated to a

constant angular velocity, W, during the test, a condition known as uniform circular

motion imposes a radial acceleration, aj, onto the payload. Or, to put it another way,

the law states that pulling a mass out of a straight path into a radial path of radius r,

the centrifuge will impose an inward acceleration, a, on the mass towards the axis of

rotation. The acceleration is a function of the angular velocity and radius from the

centre of rotation.

(Equation 4.1)

aj inertial radial acceleration

w angular velocity

r radius from centre of rotation

Soil behaviour is governed by the stress level and stress history to which the soil has

been subjected. The model will be subjected to similar stress history to that assumed

for the prototype. As a consequence there is a need to model in situ stresses that

change with depth to reproduce the strength and stiffness aspects of soil behaviour.
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Physical modelling using a centrifuge involves accelerating a model contained in a

strongbox (either rectangular or cylindrical) at the end of centrifuge arm to create an

inertial radial acceleration field many times greater than the Earth's gravity. In the

model, stress increases rapidly with depth from zero at the surface to values at depth

that are determined by the soil density and radial acceleration.

4.2 Scaling laws

4.2.1 Stress

The model is a reduced scale version of the prototype, which need to be related by

appropriate scaling laws. Soil behaviour is dominated by the frictional forces between

particles and their relationship with the volumetric state of the soil, which is expressed

as voids ratio, or specific volume. To enable a centrifuge model to be compared with

the prototype, the soil (in the same relative positions) must be at the same stress level.

As stated earlier the fundamental principle behind centrifuge testing is the

reproduction of the stress distribution of the prototype.

O'vm= O'vp (Equation 4.2)

For the prototype with material of density p, at depth hp,the vertical stress avpis:

O'vp= pgh; (Equation 4.3)

Therefore if the density of the material in the prototype is the same as that in the

model - and central to the theory of centrifuge modelling is the fact that the

acceleration of Ng times the Earth's gravity is applied - then the vertical stress avm

acting at depth hmin the model is given by:

(Equation 4.4)

Where gm is equivalent to the gravities applied in the centrifuge. From Equation 4.2,

Equation 4.5 can be obtained:

(Equation 4.5)
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And therefore:

(Equation 4.6)

Where Ng is the number of times greater the gravitational field is in the model

compared with Earth's gravity (prototype scale). This allows creation of a small model,

which makes testing much more manageable. When tested at inertial acceleration

field of Ngtimes Earth's gravity, the vertical stress at depth hm in the model should be

the same as at depth hp in the prototype. Figures 4.01a and 4.01b illustrate how

inertial stresses in the model correspond to the gravitational stresses in the prototype.

Since the effect of the radial acceleration is to increase the self weight of the model in

the direction of its base, with careful choice of model dimensions and radial

acceleration, prototype stress profiles which vary with depth can be simulated closely.

4.2.2 Length

The scaling law for length is l:Ng and it affects the geometrical properties of all

components used in the model. However, from Equation 4.1 it can be seen that the

radial acceleration varies with radius, thus the scale factor is only correct at one

particular location in the model. This problem is relatively minor if care is taken to

select the radius at which the gravity scale factor is determined, and in doing so

reducing areas of under-stress and over-stress. Taylor (1995) quantified the error and

showed it is generally less than 3 % if the level of acceleration is chosen at the radius

Re, which is found at a depth of h/3, where h is the model depth from the top of the

soil.

4.2.3 Mass

The effect that a mass has on a model is a combination of the increase in force it exerts

due to the increase in acceleration level (Ng) and the reduction in soil or foundation

area on which it acts (1/Ng2
). The combination gives an effective scale factor for mass

of 1/Ng
3•
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4.2.4 Force and time

The scaling law for force and time is the same; 1:1/Nt The application of the scaling

law for force is used in the numerical modelling, where the prototype is modelled,

rather than the centrifuge scale. The scaling law for time is applied where discussing

the rate at which the actuator should advance. This scaling factor is a significant

advantage of centrifuge testing, because events such as consolidation and seepage can

occur in a vastly reduced time scale.

A summary of the main properties that required application of scaling laws is given in

Table 4.01.

4.3 Errors in centrifuge modelling

4.3.1 Acceleration

In trying to model a prototype event it is inevitable that errors will result from testing

procedure and the artificial gravity field. The Earth's gravity is uniform for the purpose

of problems encountered in civil engineering but the centrifuge generates a slightly

variable acceleration throughout the model, Taylor (1995). This is because there is

variation in radius over the height of the model causing variation in acceleration (see

Figure 4.02). The following paragraphs identify the errors caused by the radial

acceleration field in centrifuge model testing.

~ Vertical acceleration field

As stated earlier, the stress distribution with depth in the model is non-linear (Taylor,

1995). The vertical stress at any point within the centrifuge model is calculated by

taking the average acceleration acting upon the soil above. As acceleration varies

linearly with radius this corresponds to the acceleration midway between the point

under consideration and the model surface. Care must therefore be taken in model

design to ensure that the over-stress at the model base and the under-stress near to

the top are within acceptable limits.
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Using expressions for the ratios of under-stress (ru) and over-stress (r0) to the

prototype stress at the same depth and equating the two, it can be shown that the

least relative variation is obtained when the required acceleration is set at Y3 of model

depth. Figure 4.03 shows the correct stress at % model depth and the stress variation

with depth in a centrifuge model and its corresponding prototype. A convenient rule

for minimising the error in stress distribution is derived by considering the relative

magnitude of under and over-stress. By equating the ratios of maximum ru and

maximum r0 the following equation can be derived, where Reis the effective centrifuge

radius for the model and Rt is the radius to the top of the soil sample, as defined in

Figures 4.03.

Re= Rt+ hm / 3 (Equation 4.7)

» Radial acceleration error

The acceleration is also directed towards the centre of rotation. Stewart (1989)

described the radial acceleration field that acts in a direction that passes through the

axis of the centrifuge. Hence, in the horizontal plane there is a change in its direction

relative to vertical across the width of the model. This means that there is an

increasing component of lateral acceleration within the model as the distance from the

centreline increases. This lateral acceleration will be greatest at the largest offset from

the centreline i.e. boundaries at the soil surface.

Error is induced in the stress field due to a lateral acceleration caused by the geometry

of most centrifuges and the shape of the model containers. In these tests the model

container was positioned so as to minimise any effects caused by lateral acceleration.

4.3.2 Boundary effects

The range of scales at which the prototype may be modelled is controlled not only by

the practicalities of instrumentation but also by the boundary effects imposed by the

container. The box used for this research is manufactured from aluminium alloy and

has internal dimensions of 200 x 550 mm with an internal height of 375 mm.
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Phillips (1995) gives guidance on containers and states that side wall friction is always

present to some extent and consequently, the model should be sufficiently wide so

that it does not create significant problems. Craig (1995) suggests that a minimum

distance of 5 pile diameters from the boundaries of the model container is sufficient to

minimise these effects.

4.3.3 Modelling effects

The model soil sample was prepared in a consolidation press before the model was

assembled and placed on the centrifuge arm. The sample was subjected to vertical

pre-consolidation pressure from the loading ram, and after removal from the

consolidation press there was no pressure on the sample until it was accelerated in the

centrifuge. As a consequence, the soil sample has a different stress history and OCR to

many firm/stiff in-situ clays.

Stallebrass (1990) showed that the soil bulk modulus and shear modulus are

dependent on mean normal effective stress and overconsolidation ratio (p' and OCR

together specify the current specific volume). There will therefore be a difference in

the stiffness of the soil model, compared with many firm/stiff in-situ clays. This will

also cause a variation in the undrained shear strength profile. Using laboratory and

centrifuge tests, Nunez (1989) determined a method for calculating the undrained

shear strength profile of a centrifuge sample of kaolin clay:

su = 0.22crv'OCRo.62 (Equation 4.8)

A number of other Authors found similar relationships (Phillips, 1987; Springman, 1989

and Stewart, 1989) but the equation presented by Nunez provided the best

comparison to the measured data.

For Speswhite kaolin clay, permeability is a function of voids ratio (AI-Tabbaa, 1987).

Hence, the reduction in permeability with depth may be different in the kaolin clay

model compared to in-situ clays, because of differences in the variation of specific

volume with depth in the model.
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There is a potential problem with the scaling effects of the soil grains. In line with the

scaling laws previously stated, the average grain size of the soil in the model should be

reduced by l/Ng for correct representation of the prototype grain size. However, since

it is considered that the soil behaviour will remain the same and that clay will still

behave as clay, regardless of its exact particle size, it is judged suitable to use

Speswhite kaolin clay, which has been tested rigorously in the centrifuge and is well

understood.

The ratio between the pile diameter, d and the mean particle size Oso,can have an

effect on failure mechanism and thus may affect the behaviour of the pile. It has been

shown that the problem of grain size related errors affecting pile capacity problems in

centrifuge modelling can be considered negligible if the d/Oso ratio is greater than 30.

The d/Osoratio in these centrifuge tests is greater than 2000.

4.4 The geotechnical centrifuge

The Geotechnical Engineering Research Centre at City University uses the Acutronic

661 centrifuge shown in Figure 4.04. The arrangement of the centrifuge, the data

acquisition systems and control room is shown schematically in Figure 4.05. It

combines a swing radius of 1.8 m with maximum acceleration of 200 g. A package

weight of 400 kg at 100 g can be accommodated and this capacity reduces linearly with

acceleration to give a maximum 200 kg at 200 g; thus the centrifuge is a 40 g/tonne

machine. The package is balanced by a 1450 kg counterweight that can be moved

radially on a screw mechanism. The swing platform at one end of the rotor has overall

dimensions of 500 mm x 700 mm with usable height of 960 mm in the central area

between the arms.

Four strain gauged sensors are used to detect out-of-balance in the base. The signals

from these sensors are monitored and if the out-of-balance exceeds the pre-set

maximum of 15 kN then the machine is shut down automatically. The machine is

situated in an aerodynamic shell which is surrounded by a block wall. This wall is in

turn surrounded by a reinforced concrete containment shell. The control room is

situated behind the block wall.
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The cooling system involves water being supplied from a hydraulic slip ring, which is

sprayed into the shell and subsequently evaporates. Electrical and hydraulic

connections are available at the swing platform and are supplied through a stack of slip

rings. Electrical slip rings are used to transmit transducer signals (which are amplified

and converted from analogue to digital by the on-board computer prior to

transmission in bits), to communicate closed circuit television signals, supply power for

lights or operating solenoids or motors as necessary. The fluid slip rings may be used

for water, oil or compressed air.

The data acquisition system features onboard signal amplification for the 64 data-

logging channels using a variable gain of up to 1000. The amplifier unit is located close

to the centrifuge axis, and together with an onboard PC, converts the analogue

transducer signals to digital. The data-logging PC is located in the control room and

software allows data to be displayed in real time either numerically or graphically.
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5 CentrifugeTesting

5.1 Apparatus

5.1.1 Strongbox

The rectangular strongbox used to contain the model has the following internal

dimensions: width = 200 mm, length = 550 mm, height = 375 mm. The walls and base

are approximately 40 mm in thickness. The strongbox has a base drainage system

consisting of a herringbone network of 3 mm deep grooves, connected to taps at

either end of the box. Sample drainage is discussed in more detail in Section 5.2.4 and

5.3.5. The apparatus was designed to allow three or four pile groups to be tested in a

single clay sample so that when four groups were tested, the groups would be evenly

spaced at 110 mm centres, with a minimum distance of SOmm between groups and

70 mm from the container boundaries. The geometry of the scale model is 1:60. An

aluminium clay cutter was made specifically for the strongbox, to allow accurate

cutting of the clay surface to obtain the exact required height of clay sample (see

Figure 5.01).

5.1.2 Reference frame

All apparatus is positioned and connected to the strongbox via the reference frame.

Figure 5.02 shows a long section of the strongbox highlighting the parts of the

apparatus and Figure 5.03 shows two cross sections of the apparatus. The reference

frame was initially designed to sit inside the top of the box, but when it was recognised

that a greater distance was required between the toe of the piles and the base of the

box, two spacers were introduced (one at either end of the box) which allowed the

frame to sit on top of the box, 75 mm higher. Each guide plate is located via two pins

on top of the reference frame and the pile cap holders are also located via two pins,

70 mm lower, on an internal step within the frame. All guides and holders were

screwed down to the reference frame before pile installation took place.
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5.1.3 Piles and pile caps

The piles and pile caps are made of aluminium. The piles are all identical in size,

whereas the size of the pile cap varies depending on the size of the group, although

they are all square in shape and 15 mm in thickness. The differing weight of pile caps is

accounted for when calculating the capacity of the pile group, but the average pile cap

dimension was approximately 65 x 65 mm. Alternative pile caps of dimension 6S x

20 mm were made for the linear group tests. Each pile cap had two platforms, one at

either end, from where the settlement was measured and every hole within the pile

cap had a 6 mm thread drilled into the top of the pile cap (see Figure 5.04). The guide

plates and pile cap holders were made from 9.5 mm thick aluminium and the pile caps

were attached to the pile cap holders via two screws.

The piles are 5 mm diameter aluminium rods, 270 mm long. The effective length of the

pile, as far as the test is concerned, is 250 mm; an 11 mm length is exposed between

the top of the clay and the base of the pile cap, and the remaining 9 mm is fixed within

the pile cap. A thin walled steel cutter with an internal diameter of 5 mm was used to

core the clay before pile insertion. The pile installation process is described in detail in

Section 5.3. Aluminium is frequently and successfully used in centrifuge modelling

(Klotz, 2000; McNamara, 2001) because of its good workability and its similar unit

weight to concrete. However, the metallic surface is notably smoother than concrete,

although this is not an issue when comparing relative data sets, rather than searching

for absolute values.

5.1.4 Displacement transducer brackets

After pile installation, the guide plates and pile cap holders are removed and two

displacement transducer brackets are located on the reference frame. The brackets

are placed along the length of the strongbox and each support up to four displacement

transducers, of type linear variable differential transformers (lVOTs). The lVOTs are

connected to the brackets with D-clamps. Each pile cap has an lVDT monitoring

settlement at either end to allow an average to be calculated. The purpose of this was

to eradicate the effect of possible rotation about the shorter pile cap axis. Rotation
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about the longer pile cap axis would not be detected via this method, although it is less

likely to occur and its impact can be considered negligible.

5.1.5 Loadingframe

The loading frame comprised a number of elements that allowed three or four groups

of piles to be loaded at the same or similar times in the same soil model. A single force

of up to 10 kN could be provided through the vertical lead screw of a Zimm worm-

drive gearbox, having a reduction ratio of 4:1. This screw jack was driven by a

horizontal spindle using a DCservo Maxon motor RE3590W and associated gearhead.

To allow for any misalignment, an Oldham coupler with acetal torque disc was used to

connect the motor gearbox to the Zimm gearbox. The motor was fitted with an

encoder that monitored its rotational speed. This linked to the DC servo amplifiers

mounted on the centrifuge and with associated software on a computer in the

centrifuge control room the motor could be controlled to an accurate predetermined

speed independent of the force being delivered by the screw jack.

In the majority of experiments, the gearhead used had a reduction ratio of 43:1. The

vertical descent of the screw jack was set at 0.25 mm/min which meant the Maxon

motor was effectively operating at a low rotational speed. In some tests, it was found

that the motor stalled and the gearhead was changed to one with a ratio of 156:1,

which allowed better operation and control.

To assist assembly and alignment, the motor and screw jack were mounted on a 6 mm

thick aluminium alloy plate. This in turn was mounted on a 12.7 mm plate that could

span the centrifuge strong box. Stiffening beams were attached to the underside of

this plate to minimise deflections of the whole load frame during centrifuge flight. Four

10 mm diameter bolts were used to attach the frame to the strong box.

A 35 mm deep steel beam was attached to the end of the lead screw. The beam was

designed to be stiff and to have minimal deflection under estimated loading from the

pile groups. load cells were fastened into this beam at positions coincident with the

centres of pile groups being tested. Two 12 mm silver steel guides were attached to

the top of the loading beam and passed through plain bearings located in housings
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attached to the top of the load frame. The intention was that the guide rods would

restrict any tendency of the loading beam to rotate since the pile groups would each

develop different loads depending on the numbers of piles, their arrangement and the

stage at which a load cell came into contact with a pile cap. A drawing of the loading

apparatus is shown in Figure 5.05.

5.2 Clay consolidation

5.2.1 Preparation

An aluminium extension of the same dimensions as the strongbox, except only

300 mm in height, was attached to the strongbox to allow a greater height of sample

to be made. A rubber a-ring was fitted in a groove between the two boxes with

silicone grease to ensure it was water-tight and in addition, both boxes had a thin

coating of white lithium based water pump grease applied to reduce friction on the

contact surface. A sheet of 3 mm porous plastiCwas cut with precision to fit inside the

box directly above the base drainage system, to allow the water to flow out but

prevent the drains becoming blocked with clay. A sheet of filter paper was then placed

on top of the porous plastic sheet to ensure the clay did not get into the porous plastic

and to prevent it from sticking.

5.2.2 Kaolinclay

The soil used was Speswhite kaolin clay, which has the following properties:

Specific gravity, Gs = 2.62

Liquid limit, WL = 65 %

Plastic limit, Wp = 30 %

London Clay is unfavourable for use in model testing due to its extremely low

permeability. Models for clay soils are usually prepared from kaolin owing to its

relatively high permeability; the reduced geometrical time scale in the model results in

a dramatic speeding up of time related processes, in particular, clay consolidation. The

time difference between conducting identical tests in the different soils is significant
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and so warrants the use of kaolin clay over a clay that is more commonly encountered

in the field.

The clay powder was mixed in a Winkworth industrial ribbon blade mixer to produce a

volume of about 80 litres of slurry by adding distilled water until the clay reached a

moisture content of 110%. Approximately 74 lit res of the slurry was then slowly

poured into the strongbox from a minimal height of not more than 100 mm taking care

not to allow the build up of air pockets. Additionally, the slurry was stirred at regular

intervals with a palette knife to ensure removal of any air bubbles that may have

become trapped during pouring. The clay was then levelled using the palette knife and

a sheet of filter paper was placed on top of the clay with a second sheet of tight fitting

porous plastic placed above.

5.2.3 Consolidation press

Consolidation took place in a computer controlled hydraulic press. The computer

programme combined with a speciflc PC interface card processed data from the

instrumentation and updated voltage output to the convertors controlling air pressure

to the hydraulic pump. The elevated pressures required for consolidation are obtained

using a pump which amplifies air pressure into oil pressure at a ratio of 1:36.

The sample underwent consolidation in a hydraulic press to a maximum pressure of

500 kPa; the pressure was applied in increments over a 10 day period and

consolidation of the sample was monitored by plotting a graph of settlement against

time (see Figure 5.06). Once consolidation was complete and the maximum pressure

of 500 kPa had been maintained for a minimum of 72 hours, the pressure was then

reduced to 250 kPa and the sample was allowed to swell for 24 hours. A given

thickness of clay with these properties and under this pattern of pressure changes will

consolidate to approximately 55 % of the initial thickness. There have been many clay

samples tested by the City University Research Group using the same stress history

(e.g. McNamara, 2001; Begaj-Qerimi, 2009). The same stress history was repeated for

these experiments, since it was known it would produce a reliable firm clay sample of

the required consistency.
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5.2.4' Drainage

Drainage took place at the top of the sample, through the holes in the loading plate of

the press; and at the bottom of the sample, through the two-way drainage system. A

tube was connected to each of the drainage taps and then placed in a container of

water, which prevented air from getting back into the system. Once the load began

being applied to the sample the taps were opened, which expelled water through the

tubes and was collected in the water container. These taps are only closed again

immediately prior to removing the sample from the press; this helps minimise swelling

by reducing the dissipation of negative pore water pressures.

5.2.5 Pore pressures

Up to four pore pressure transducers (PPTs)were installed in the clay sample during

the swelling process. The installation method has been used with success in previous

similar research studies (e.g. McNamara, 2001; Begaj-Qerimi, 2009). The PPTseach

have a porous stone fitted in front of the transducer and prior to installation the

porous stones are de-aired in water, which is subjected to an absolute pressure of

between 0.05 and 0.1 atmospheres using a vacuum pump.

Blanking screws were removed from the back of the strongbox at predefined access

locations and a guide tube of 60 mm length was then fitted in their place. The

strongbox had access ports at depths of 110, 170, 230 and 250 mm from the top and

these depths were chosen to give a range over the height of the sample with two

readings at the base of the piles. The clay was cored to the centre line of the box using

a thin walled cutter; the cutter was placed through the guide to ensure the clay was

cored perfectly horizontally. The PPTwas then inserted to just beyond the centre point

to ensure complete contact between the porous stone and the clay. The void behind

the PPTwas backfilled with clay slurry placed with a syringe and the threaded plugs

along with the rubber washer were fitted into the back wall of the box to give a

watertight seal around the PPTlead.
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5.3 Model creation

5.3.1 Sampleheight

After taking the sample out of the press and removing the filter paper and porous

plastic sheet the clay was trimmed. The blade of the clay cutter can be adjusted to

allow the clay to be cut to the correct height and this was done in increments of about

3 to 5 mm, for ease of operation.

In the preliminary test, la, the gap between the base of the pile cap and the top of the

clay was only 4 mm, which proved to be insufficient as the clay heaved during the

equilibrium phase in the centrifuge and then during loading the pile caps came into

contact with the surface of the clay. The gap was subsequently increased to 10 mm to

allow sufficient room for the clay to heave and for the settlement of the pile caps

under loading without contacting the clay.

In the phase 1 linear group tests, a distance of 33 mm existed between the toe of the

piles and the bottom of the box, which was considered acceptable in terms of

eliminating boundary effects (because the distance was more than five pile diameters).

However, for test phases 2 to 5, with mainly circular or square groups, it was decided

that a greater distance should be allowed, so this gap was increased to over 100 mm

by using a deeper sample of clay. In the phase 1 tests, the clay surface was cut to a

height of 283 mm, 92 mm below the top of the box. For all other tests, the clay was cut

to a height of 355 mm, 20 mm below the top of the box.

5.3.2 Clayboring

The model pile foundations were installed in the clay at 1 g prior to placing the

assembled model on to the centrifuge arm. This was done as quickly as possible to

minimise changes to the soil stress profile. Installation at 1 g, rather than in-flight, is

considered acceptable since the analysis of results will focus on the relative load

capacity values, rather than the absolute values. Craig (1984) found that when piles

are installed at 1 g the effects on subsequent behaviour are less pronounced in clay

than in sand, although the real impact and their effects remain a little uncertain.
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The clay was cut and extracted using a thin walled stainless steel hypodermic tube with

an external diameter of 5 mm, which was pushed through the guide plate then

through the pile cap located approximately 75 mm lower (see Figure 5.07). The cutter

was pushed in with no torque applied, but once at required depth, the handle was

rotated 180 degrees to ensure the clay was fully sheared. This process was adopted to

maintain a good verticality. During the preliminary test it was decided that silicone oil

would be sprayed inside the cutting tube before the first cut on each pile to reduce

friction and further enhance recovery. The cutting was repeated and the clay

excavated in five sections for each pile to enhance clay recovery. As the number of

piles in a test was set to almost double between the fourth and fifth tests, it was

decided to reduce the number of cuts per pile to three, thus reducing the time

between taking the sample out of the press, to accelerating the completed model on

the centrifuge arm. Unfortunately, the reduction in model construction time was

accompanied by a reduction in clay recovery during the coring process; reducing from

approximately 85 to 60 % (see Figures 5.08 and 5.09).

5.3.3 Pile installation

The model pile was a 5 mm diameter and 270 mm long aluminium rod, which was

pushed into the clay bore. A grub screw, which provided reaction at the top of the pile

was tightened into the top of the pile cap. The pile was pushed 5 mm into the pile cap

and then the 6 mm grub screw was installed, which meant that the pile was pushed

down a further final millimetre. This method ensured contact between the pile and the

grub screw, and therefore the pile cap. There was a gap of 11 mm between the base of

the pile cap and the top of the clay, thus the toe of each pile was 250 mm below the

surface of the clay model. See Figure 5.10 for a photograph of the set-up and

Figure 5.11 for a schematic and description of the pile installation process. The piles

were always installed in a clockwise order around the group, and where a central pile

was included, this was installed last. In the case of grid groups, the piles were installed

left to right, one row at a time.

After pile installation the guide plates and pile cap holders were removed and two

displacement transducer brackets were located on the reference frame. The brackets

49



Centrifuge Testing

were placed perpendicular to the orientation of the guide plates and each support four

displacement transducers, so each pile group therefore has a displacement transducer

monitoring settlement on opposite ends of the pile cap to allow an average to be

calculated.

5.3.4 Loadingapparatus

A 10 kN motor driven screw jack load actuator (Figure 5.12) was bolted to the

strongbox, which applied a vertical force to each pile group via a guided stiff load

beam. Load cells were connected to the load beam, allowing individual measurement

of the force applied to each pile group. Each pile group has a loading guide held in

place in a central position on top of the pile cap and this encourages the loading pins

(that were attached to the load cells) to apply the load to the centre point of the pile

cap. Refer back to Figure 5.05 for a drawing of the apparatus, where the various

components are labelled.

5.3.5 Water

Once the pile groups were constructed and the instrumentation connected, the model

was placed on the centrifuge arm. The instrumentation and actuator were then

connected to the centrifuge control box and a standpipe was connected to the

strongbox base drain. The height of the standpipe was calculated so as to model a

water table just below ground level. The height was initially 288 mm from the base of

the clay sample (when the sample was 283 mm in thickness); but a 360 mm height

standpipe was required once the clay sample was increased to a thickness of 355 mm.

The standpipe had an overflow pipe surrounding it with a PPTat the base to act as a

constant reference to check the height of water in the standpipe was correct.

The top and the bottom boundaries of the clay model control the equilibrium pore

water pressure conditions. The model clay layer has an impermeable surface, as it is

sealed with silicone oil to prevent the clay from drying out, and a hydrostatically

increasing pore pressure with depth. The upper 10 mm layer of the clay is in suction.

The drainage base plate was connected to the standpipe. The average water table is at
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10 mm below the surface level, but varying from the centre to the sides and ends of

the box.

Immediately before accelerating the model, the base drain was flushed out and 350 ml

of silicone oil was poured on the clay surface to prevent it from drying out. A number

of techniques have been used to try and prevent the oil seeping down between the

clay bore and the pile shaft. The most successful proved to be the use of a thin brass

ring bund around the outside of the group, 20 mm high and pressed 9 mm into the clay

(see Section 5.6). These brass rings were installed before pile installation and the load

guide was then located in the centre of the pile cap. The differing effect of these

numerous methods was calculated, but since they were found to be so minimal, no

adjustment was made to the results.

5.3.6 Acceleration

An acceleration field of 60 g was applied so the model then corresponded to an

equivalent prototype pile of 300 mm diameter and 15 m long with an lId ratio equal to

50. The completed model, including all instrumentation, is weighed, and the

counterweight is set accordingly. The weight varied a little between tests, as a function

of the groups tested, but generally the weight was about 170 kg, which corresponded

to a counterweight offset of 214 mm. In general, for the tests which had more piles,

and were therefore more labour-intensive, there was a time lapse of approximately

8 hours between taking the model out of the press and commencing the acceleration

of the centrifuge. Ideally, this time period would have been reduced, but this would

have come at the cost of the quality of the model, which would not have been

acceptable.

The centrifuge gains speed at approximately 3 rpm/s; at 60 g the centrifuge is spinning

at about 180 rpm. This complete sequence of events allowed a test to be undertaken

within a two week period, as detailed in Table 5.01.
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5.4 Instrumentation

5.4.1 Pore pressure transducers

The pore pressure transducers used were Druck type PDCR81. They are fitted with a

porous ceramic front element. The same type of transducer without a porous stone

was used to monitor the water level in the standpipe. PPTswere calibrated using arm

mounted junction boxes with filters, amplification and a logging system and were

calibrated against a pressure transducer which was regularly calibrated in turn against

a dead weight system.

5.4.2 Loadcells

The load cells were stainless steel, sub-miniature tension or compression Omega load

cells and part of the lCMFD series. They are capable of very precise readings of high

resolution and the internal design provides excellent stability and minimises the effects

of small off-axis loads. The main body of the unit is 25 mm x 14 mm. They have a

maximum capacity of 5 kN and were calibrated with a Budenberg deadweight

calibration rig numerous times over the duration of the testing programme. The

calibration involved using centrifuge mounted junction boxes with filters, amplification

and a logging system.

5.4.3 Linear variable differential transformers

Settlements of the piles were measured using linear variable differential transformers

(lVDis). They were Solartron DC15 mm and were calibrated using a micrometer scale,

also involving the centrifuge junction boxes with filters, amplification and a logging

system. like the load cells, they are capable of very precise readings of high resolution,

but in reality the accuracy of the readings was limited by the positioning errors of the

apparatus, which was in the order of +/- 0.5 mm.

5.4.4 Camera

For the final three tests (5c, 5d and 5e) a camera was installed on the loading

apparatus, to allow the movement of the actuator to be monitored. A scale was
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marked onto one of the vertical loading beam guides and the end of the motor was

also marked to allow an easy assessment of whether it was rotating. With hindsight,

the camera should have been present in every test to allow much easier determination

of problems relating to the actuator.

5.5 Test methodology

5.5.1 Pore pressure equilibrium

Once the acceleration has been initiated the water feed was opened, which starts

supplying water to the model via the standpipe. The PPTsall recorded negative values,

implying suction, which is normal at this stage of the test. On the whole, the PPTs

recorded data that would be expected, suggesting that equilibrium of the pore

pressures had been reached via a regular-shaped pressure vs time graph. However, on

a number of occasions there were problems with one or more transducers and the

expected behaviour was not observed. Possible reasons for this are given in

Section 5.6.

Before the load could be applied, the pore pressures within the day sample were

required to stabilise and reach equilibrium, which took approximately 40 hours.

5.5.2 Loading

Once in equilibrium, the loading actuator was advanced at a constant rate of

0.25 mm/minute. The rate the piles were loaded was intended to reflect loading rates

at prototype scale. Assuming the maximum load is achieved in the centrifuge at a

displacement of 1 mm, equal to a time period of four minutes, then at prototype scale

this time is approximately equal to 10 days, since the scaling relationship is l:l/N/.

Loading rates at prototype scale can be hugely variable, from a dynamic pile load test

at one end of the spectrum, to a lengthy construction period at the other. However,

10 days was considered to be reasonable. Axial loading was continued until no

additional load could be sustained by the pile groups.
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5.5.3 Post centrifuge test

Immediately after stopping the centrifuge, undrained shear strengths of the clay were

measured at a range of depths using a Pileon hand vane, which was operated in

accordance with BS 1377-9. The hand vane gives a very good indication of the

undrained shear strength and its accuracy, when used with care, is believed to be

about +/- 2 kPa. A full description of the soil strengths that were obtained is given in

Section 6.2. Generally, the profiles show a consistent trend, although the shear

strengths varied between tests. Anomalies occurred occasionally where surface oil had

been lost and the sample began drying out in the centrifuge. Moisture contents were

also measured at four staggered depths in every sample. Clay was extracted using a

thin walled steel cutter inserted the full depth of the sample and upon extracted the

clay was cut into four pieces, recording the location of where each one was taken

from. The mean average moisture content for all tests was 46 % and always within the

range of 43 and 49 %.

For phase 5 tests, a method was introduced to try and determine with accuracy

whether or not the central soil had in fact settled relative to the surrounding soil. In

many tests, where no obvious shear surface had formed, indicating definite block

failure, there was uncertainty about whether or not the central clay may have settled

very slightly. Before testing, the height of the clay surface was measured at a range of

locations surrounding each group. The measurements were made on a grid system

around the brass ring, which could be easily relocated post-test, as shown in

Figure 5.13. Once the model had been taken off the centrifuge arm, the pile caps were

removed and the clay height was re-measured at the same locations. In several

instances, this showed that the central soil had moved down fractionally further than

the surrounding soil, indicating that a type of block failure had occurred. This is

discussed further in Section 6.5.6 and 6.6.5.

5.5.4 Modelexcavation

To help ensure repeatable tests and accurate placement of the reference frame, it

would have been undesirable to take the box apart after every test, since the box was

machined with precision as a single piece before any experimental work began.
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Therefore the clay had to be excavated from the top, whilst taking care not to disturb

any of the pile groups or the PPTs.The clay was excavated around the front and sides

with a 20 mm diameter thin walled steel tube, the PPTswere then removed with care

and the remaining clay sliced into two or three pieces. These clay blocks were then

lifted out of the strongbox and the pile groups were carefully exposed using a thin

steel wire clay cutter (see Figures 5.14 and 5.15). Upon excavation, it was revealed that

the verticality of the piles was exceptionally good. Almost every group showed equal

and consistent spacing down the length of each of the piles (see Figure 5.16). The only

exception to this was the circular group of 12 piles spaced at 1.25 d. In test 4a, whilst

the arrangement appeared flawless at the top, at the base of the group about four of

the piles were out of alignment; a similar problem, but to a lesser extent occurred for

the same group in test 4b.

The groups were excavated with considerable care to get the best possible view of the

clay-pile contact surface and to check the groups had been formed accurately. This

careful process allowed early detection of silicone oil that had entered the bore, and in

places preventing contact between the pile and the clay. This problem was then

remedied, as explained fully in Section 5.6. A range of test photos are shown in Figures

5.17 to 5.21 and are summarised as follows:

• 5.17 - completed model prior to testing

• 5.18 -loading beam and load cell in place above loading point and pile cap

• 5.19 - pile groups in strongbox post test

• 5.20 - plan view of TC18_1.50 showing shear surface

• 5.21- cross sectional view of PS20_1.50showing shear surface

5.6 Problems and errors

~ Oil between clay and pile

Silicone oil found its way down between the pile and the clay bore in all of the early

tests, but to slightly differing extents (see Figure 5.22). The problem was initially

overcome by creating a clay bund prior to pile installation, and shown in Figure 5.23,

although this did not completely eliminate the presence of oil. The problem was finally,
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and successfully, overcome by introducing brass rings as shown in Figure 5.24. The

rings are 0.5 mm thick by 20 mm high brass shim, cut specifically for each pile group.

Each brass ring is pressed 9 mm into the clay with a thick layer of silicone grease

pasted around the outside.

Test la, the first test, saw no oil prevention methods; tests 1b and lc used just silicone

grease pasted around the piles post installation; tests 2a, 2b, 2c and 2d used clay

bunds; all other tests utilised the brass rings. The issue of the presence of oil between

the pile and the clay in the earlier tests did cause problems with unquantifiable

reductions in capacity. Test results that had to be discarded as a result of this problem

are identified in Sections 6.3 and 6.4.

~ Lossof surface oil

In a number of tests the surface silicone oil was lost as a result of less than perfect

contact between the clay and the sides of the strongbox. Prior to the test going in the

centrifuge, every effort was made to ensure good contact, by pressing the clay against

the strongbox walls and then applying a silicone grease all around the edge to help

prevent oil getting between the clay and the walls. However, despite this, in some

cases oil was still lost. In four tests (ld, 3b, 4a and 4c) the oil was lost completely

leaving a dry clay surface; which in the most severe case (test 3b) led to small cracks

propagating out from the brass rings. The loss of surface oil led to a reduction in

moisture content and an increase in shear strength, which produced test samples with

different soil profiles from the standard narrow range. However, in the most part, this

effect could be nullified by normalising all results against the capacity of a single pile,

which was tested a number of times and then back-calculated using the shear strength

of the soil and a calculated a value. This is discussed in detail in Section 6.3.4.

~ PPTsnot registering predicted pressures

This was a recurring problem throughout the duration of testing, for which no reliable

solution was found. The cause could have been a number of factors surrounding the

preparation and installation, for example: the porous stones were not de-aired

properly, the void created to install the PPTswas not backfilled fully or that there was
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poor contact between the porous stone and the clay. Occasionally, dissipation of

suction to about half the value predicted from an idealised stress path was indicated.

Grant (1998) and McNamara (2001) experienced similar problems and it is clear that it

is difficult to remedy the problem. Therefore, so long as two of the transducers were

registering reasonable predicted pressures, the test was continued and the clay was

assumed to be a normal sample. This was confirmed later from the vane strength and

water content measurements.

~ Loading beam not horizontal

The issue of the loading beam not moving downwards perfectly horizontally became a

problem during the phase 2 tests, where pile groups of significantly different sizes

were tested within the same sample. For the phase 1 linear groups this was less of a

problem because the load sustained by each pile group within the sample was of a

similar magnitude. This same issue became a problem again and was modified a

second time after test 4a. A yoke comprising a 15 mm deep aluminium alloy plate

connected the tops of the two guide rods. This introduced additional stiffness to the

loading beam arrangement to restrict potential rotation when the beam was loaded

unevenly by pile groups developing significantly different capacities.

~ Actuator malfunction (1)

Tests la, 1b and 1c were the first three tests completed, all containing 20 piles. The

following test, test 2a, contained 36 piles. The larger force required to load all the pile

groups within test 2a to failure led to slipping in the friction clamps of the drive

coupling, which limited the maximum force that could be applied to the loading beam.

The problem was eventually resolved by adding a mechanical shear connector in the

coupling, although by this stage the results of a number of phase 2 tests had been

affected. The groups that had to be discarded as a result of this actuator malfunction

are discussed in Section 6.5.2.

~ Actuator malfunction (2)
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This problem occurred only in test 4d. There was an electrical fault that caused the

actuator to move downwards significantly faster than intended (see Figure 5.25).

Within a matter of seconds from initiating the actuator, the load cells had made rapid

impact with the pile caps and proceeded to force them into the clay, to a depth of

approximately 50 mm. As a consequence, the test yielded no usable data and all pile

groups were discarded.

~ Actuator malfunction (3)

Fortunately, this problem did not cause any data to be lost or lead to any further pile

groups to be discarded, but it did have some effect on the results of test 5c, although

the extent of the effect is unknown. After some investigation it was thought that the

failed component belonged to the DC servo motor. The consequence was that the

movement translated to the loading beam was a little erratic and not a smooth motion

like it had been previously. Once the pile groups had taken up some initial load and the

associated settlements had reached approximately 0.5 mm, the loading mechanism

failed and would not load the pile groups any further. In response, the centrifuge was

stopped and the loading recommenced, at the same rate, but at 1g. The pile groups

settled a little further before the mechanism failed once again. This time it was

decided to load the groups at an increased rate of strain, rather than abort the test

without knowing if the pile groups had reached their ultimate capacity. The strain rate

was increased gradually until it finally began working again, at a rate of 20 mm/s,

which is 80 times faster than the normal speed.

Following this problem, a different motor was used for the remaining tests. Whilst

reasonable data was generated from test 5c and no pile groups were discarded, the

results are treated with a degree of caution since for the latter stages of the test, the

loading rate was significantly faster. From the literature review, it was revealed that a

faster loading rate caused pile groups to appear to have higher capacities.
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6 Centrifuge Analysis

6.1 Introduction

6.1.1 Nomenclature

In total, 23 centrifuge tests were done. They were completed in five phases, listed as

follows:

• Phase 1: la, lb, lc, ld

• Phase2: 2a, 2b, 2c, 2d, 2e

• Phase3: 3a, 3b, 3c, 3d

• Phase4: 4a, 4b, 4c, 4d, 4e

• Phase5: Sa,Sb, Sc,Sd, Se

The separation into phases had no particular significance other than to split the work

into manageable packages. The tests were carried out in the order listed, with one

exception; test 1d was in fact completed after test 2c and before test 2d. All tests will

be referred to by the two character reference. A summary of the test programme is

given in Table 6.01.

Eachgroup has a seven character reference, which can be described as follows:

For example, PC14_1.7S;

• P group type (Perimeter, Target, Grid, linear)

• C group shape (Circle, Square, Triangle, Line)

• 14 number of piles (ranging from 05 to 25)

• 1.75 centre to centre pile spacing, in pile diameters (ranging from 1.00 to 4.00)

The single pile tests are not specifically referred to, but are simply named as Sx1, Sx2

or Sx3 in Table 6.01, depending on whether the test included 1, 2 or 3 single piles (as

explained further in Section 6.3).
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6.1.2 Testing overview

The majority of tests included four groups, which were evenly spaced within the

model. The first three tests (la, 1b and 1c) were all linear groups, but when the first

perimeter groups were tested it was thought that four groups would be a little too

cramped within the box and so the number of groups was reduced to three. The two

original positions in the middle were exchanged for one central position. The following

eight tests included only three groups: 2a, 2b, 2c, 2d, 2e, 3b, 4a and 4b. Following test

4b the earlier decision was reversed and it was decided that four groups could be

installed within the same sample without having a significant influence on

neighbouring groups, and that this additional group per test would be very beneficial

in maximising data output. Whilst it cannot be ruled out that there may be a limited

impact because of the increased proximity, the closest the groups were spaced in any

of the four-group tests was 50 mm, which equates to 10 pile diameters.

6.1.3 Failed tests

Of the 23 tests completed, five were considered failures, which meant all of the results

were discarded and most of the groups involved in the failed tests were then retested:

• Test 1a - discarded because of the proximity of the clay surface to the pile caps

• Test 1b - discarded because of silicone oil getting between the clay and piles

• Test 1c - discarded because of silicone oil getting between the clay and piles

• Test 2c - discarded because of an actuator malfunction

• Test 4d - discarded because of an actuator malfunction

A number of individual groups within the 18 remaining tests were also excluded

because of isolated problems, but the test itself was not discarded. Following a

relatively unsuccessful series of phase 2 tests (2a - 2e), the apparatus was taken apart

and reassembled for phase 3, along with minor adjustments and reinforcing of the

loading frame. Of the 15 groups that made up phase 2, only a few were considered

successful. The three groups that comprised test 2c were excluded, as stated above,

and further individual groups were excluded from the remaining four tests. Four were

discounted because the actuator failed to displace the groups by more than 1 mm and
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a further few were discounted because an abnormally high load was apparently

generated, which could not be explained. The error may have been caused by a

problem within the data logging system although this cannot be confirmed. At this

stage it was decided to exclude the triangular groups because of the limited number of

test results. In doing so, this reduced the scope of the work and allowed focus on the

circular and square groups. In consequence, further groups were excluded and of the

five phase 2 tests, only test 2b and 2e yielded any good results, which meant that in

fact seven of the 23 centrifuge tests were regarded as unsuccessful.

Phases3, 4 and 5 were rather more successful and apart from the outright exclusion of

test 4d, only a further four groups were discarded. As a summary, each test phase is

listed below, along with the total number of groups tested, the number of successful

groups and the corresponding success rate:

• Phase 1 4 tests 16 groups 1usable 6 % success

• Phase2 5 tests 15 groups 3 usable 20 % success

• Phase3 4 tests 15 groups* 10 usable 67 % success

• Phase4 5 tests 18 groups 11 usable 61 % success

• Phase5 5 tests 20 groups 20 usable 100 % success

·Phase 3 included three groups where the piles were a composite material as opposed

to solid aluminium. The inclusion of these tests would correspond to an 87 % success

rate. The results of these composite pile tests are denoted by "(A)" in Table 6.01 are

discussed in Section 6.8.

6.1.4 Data analysis

The pile cap weight was an important factor that needed to be included in the analysis

because each group had some initial load imposed upon it by the pile cap, which was

significant under the gravity field of 60 g. Therefore, each pile cap with the grub screws

and the loading point used was weighed, then multiplied by 60 and divided by the

number of piles in the group. Therefore, each pile had a value that was added to the

output from the load cells, which is the reason why the load begins at greater than

zero (in the graphs) when the settlement begins at zero. In theory, the multiplication
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factor should have been slightly lower than 60, since the pile cap is at a smaller radius

than the average Re for the centrifuge model.

In general, the capacities that will be compared are those that are achieved by the

group at a settlement of 1 mm, or 0.20 d, which has been calculated to be

approximately 99 % of the peak capacity. In the rare caseswhere the peak capacity is

markedly different from the '0.20 d capacity', then this will be referred to as well. This

matter is discussed in more detail in the following sections, but it should be

understood that the default capacity is the capacity at 0.20 d settlement, with the

exception of single piles which is discussed in Section 6.3.2.

It is realised that this is in slight contradiction to the advice given in Section 2.7.1,

where other Authors had found from field tests that the ultimate capacity was

expected at lower settlements. However, the tests are noticeably different and

therefore it is reasoned acceptable to consider a different value. In addition, Whitaker

(1957) revealed that he had struggled to specify a consistent settlement at which

ultimate capacity was achieved during his model experiments, which is somewhat

reassuring. However, it is very important to note that these values of capacity

(achieved at 0.20 d settlement) will not be used for the purposes of establishing a

design value, since they are too high. A settlement of 0.20 d would be considered

incorrect for pile design and a lower value should be selected, which corresponds to a

lower point on the load vs settlement curve. A reasonable design value will be

reconsidered in Chapter 8 when the centrifuge work will be analysed together with the

results of the numerical modelling.

The reason 0.20 d is considered appropriate for comparing the centrifuge tests is

because of the very small dimensions involved, coupled with the allowance of the

distance it takes for groups to 'settle down' at the start of the test. It should be noted

that the difference between the readings of the two LVDTsper pile cap, was generally

in the order of 0.5 mm, but occasionally up to a difference of 1 mm. Whilst it would be

preferable for the discrepancy to be smaller, the method of averaging two readings

should mean there is minimal affect on the quality of the results.
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6.2 Soil strength

The undrained shear strength, su,was measured using a Pileon hand vane as soon as

possible after the centrifuge had stopped. Measurements were taken at depths of 50,

100, 150, 200, 250 and 300 mm, and are shown in Figure 6.01. It was intended to keep

the s, of each soil sample exactly the same (with the exception of test Sb, which will be

discussed in the following paragraph). However, there was some inevitable variation

between tests, with the average s, over the length of the pile ranging from 47 to

65 kPa. The mean average Suoverall was 53 kPa and of the 15 tests being considered

out of the total 23 tests (excluding test 5b because of its reduced strength, the five

discarded tests and two unsuccessful tests), 14 fell within an average s, range of

12 kPa, from 47 to 58 kPa. The variation was caused by a number of factors:

differences in initial moisture content, inconsistency in increasing the pressure,

differences in model making time, surface oil loss and length of time in the centrifuge.

Whilst every effort was made to keep these factors consistent, this was not always

possible.

It was decided to create a soil sample with a lower strength by way of comparison. This

idea was driven by the observation of a contrasting failure mechanism for an identical

group arrangement, which was installed in two separate tests of differing s, (as

discussed in Section 6.6.3). The intention was for this softer soil to have a strength of

approximately two thirds of the regular soil. Consequently, the soil was consolidated

to a maximum pressure of 350 kPa and the result was a soil sample with average Suof

33 kPa and an Suvariation of 9 kPa. The s, variation is the difference between the s, at

the top of the pile and the Suat the toe of the pile.

Not only was the s, of the soil measured after every test, but the data were correlated

with existing relationships proposed by a variety of Authors (refer to Section 4.3.3).

These Authors have made connections between undrained shear strength, effective

vertical stress and the overconsolidation ratio. A number of suggested relationships

were investigated and the best fit to the measured data was with the relationship

proposed by Nunez (1989), which states that:
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s, = O.22o"vOCRO.62 [from Section 4.3, Equation 4.8]

The line of this equation is shown in Figure 6.02. The relationship slightly under

predicts the strength at the top and over predicts the strength at the base. This is what

would be expected since there will have been a drying effect at the top of the sample

(during model making but especially so if the sample lost silicone oil from the surface),

leading to an increased strength. Also, the base of the sample would have undergone

some softening leading to a reduced strength.

The variation of s, within each of the 16 centrifuge tests ranged from 0 to 26 kPa and

the samples where the variation in s, is particularly small are more prone to

inconsistent results. However, 11 out of the 16 tests under consideration had a

reasonable variation of su,of between 19 to 26 kPa.

6.3 Single piles

6.3.1 Arrangement

The capacity of a single pile was tested eleven times. Three single pile tests were

included in test 1d, with further experiments carried out in test 3a, 3c, 4c, 4d, 5a, 5b,

5c and 5d. The location of the single pile test was varied so either two or three were

done at each of the four locations within the model. For reference, the locations shall

be referred to as the channel number used by the load cell (as indicated in the left

hand column of Table 6.01 and shown in Figures 6.03a and 6.03b), which were

numbered 29 to 32, from left to right when facing the box with the PPTsat the back. In

tests with only three groups, channel 31 is removed and the new central location uses

the load cell linked to channel 30. The linear group pile caps were used as part of the

single pile tests.

In test 1d, two locations (29 and 32) each had a single pile installed at the central

position of the five-pile linear group pile cap. The other test (location 31) had three

piles installed in the pile cap with holes at 3.0 d spacing; the piles were installed at the

two end positions and the central position and were therefore at 6.0 d centres.
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For all other single pile tests, two piles were installed at the end locations of the 2.5 d

pile cap, so the piles were always at 10 d centres. From test 1d, it was found that the

single pile installed at the central position allowed the pile cap to rotate, and whilst a

solution was found to hold it in position, it was not an ideal arrangement. In addition,

it was considered that the group of three piles were perhaps too closely spaced, which

was unnecessary. So in the subsequent single pile tests two piles were installed under

each cap and therefore the total capacity was divided by two.

6.3.2 Capacity determination

The ultimate capacity was the peak capacity achieved by the pile(s). Ideally, the value

would have been the capacity achieved at a certain settlement, in keeping with the

notion that friction piles develop the majority of their capacity by a settlement

corresponding to a small fraction of the pile diameter (typically 0.01 to 0.05 d).

However, it was found that the single pile tests responded differently depending on

the size of the other groups within the test and what order the pile groups started

accumulating load. Naturally, the apparatus was designed with the intention that all

groups would be perfectly level and begin to accumulate load at the same instant; in

reality, there were slight differences in the heights of the groups, but generally no

more than 0.5 mm. Nevertheless, it should be noted that even a difference of 0.1 mm

between heights of groups would result in one being loaded 24 seconds ahead of the

other. Also, this was further varied by the malfunctioning actuator (mainly in phase 2)

and the ensuing modifications. It is perhaps not surprising that the response of a single

pile is slightly affected by the other groups in the test and the order in which the

groups pick up load. For example, if a single pile is located next to a large group, and

picks up load first, the response may be different to a single pile that picked up load

after the large group. This affect is likely to be most pronounced with the single piles

and is caused by the fractional slowing of the loading system strain rate once a large

pile group picks up load. This problem could possibly have been negated by a different

loading system, one that did not load the groups via the same stiff loading beam, thus

being affected by other groups within the test.
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Figure 6.04 shows the graph of settlement vs time for the single pile, which further

indicates the problem introduced above. The settlement of the pile groups with time is

highly variable, for which the causes have been discussed. Groups that have a

particularly pronounced variability are 5c-31 and 5d-29 (where the first two characters

indicate the test number and the second two characters are the load cell channel

number). In summary, the behaviour of the single piles was inconsistent, both in terms

of settlement vs time and load vs settlement (see Figure 6.05). Consequently, it was

decided to choose the peak values (up to a settlement of 5 mm, or a single pile

diameter), regardless of the settlement at which they occurred. This method was

demonstrably acceptable as later proven and discussed in Section 6.3.4.

6.3.3 Data omitted

Of the eleven groups tested, two of the groups from test 1d (1d-31 and 1d-32) were

rejected because of possible excessoil on the piles, which resulted in reduced capacity.

In addition, there was no usable data from test 4d, which had included a single pile

test. The data from 5d-29 had shown an unusual response (as mentioned in the

previous section) beyond a settlement of 1 mm, so the 'peak capacity' was taken as

the capacity at 1 mm settlement. The remaining eight results were used to back-

calculate a values. This was done by re-arranging Skempton's equation (Equation 2.1)

in terms of a and using Otest (the peak capacity from the centrifuge test) for the

parameter, Oult; from this, the graph of a vs s, was plotted (see Figure 6.06). Test 3a

was then also rejected because it appeared to be an anomaly when compared against

the other results. Therefore, seven results were used to calculate the equation of the

asu trendline.

6.3.4 Single pile capacity

The mean average of the six results, which excludes test 5b, is 148 N. The range of

capacities was between 140 and 157 N (shown by Otest in Table 6.02), with a standard

deviation of 6.0. A linear trend line was plotted through the data points and the

equation of the line was calculated to be as follows:

(X. = 1.1- 0.008su (Equation 6.1)
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Whilst the relationship between a. and s, is not strictly linear over a wide range of

shear strengths, it can be considered to be so between the relatively narrow limits of

these tests. The trend line had an R2 value of 0.957, where R2 is the coefficient of

determination; a number between 0 and 1 that reveals how closely the estimated

values for the trend line correspond to the actual data. A trend line is more reliable the

closer the value is to 1.

The calculated values of a. allowed an equivalent single pile capacity to be calculated

for all tests (shown as Ocalc in Table 6.02). For consistency, the calculated values were

adopted for all further comparisons rather than the experimental result, for tests even

where a single pile test had been included. In every case except one, the difference

between the calculated and experimental single pile capacities was small, between

o and 4 N. In test 3a, the difference was 16 N, which is significant and so the analysis of

the results in this test was done with caution.

The calculated pile capacities ranged between 138 N (test 1c) and 156 N (test 4a); the

capacity of test 5b was calculated to be 113 N, which happens to be identical to the

experimental result.

The experimentation and calculation of the capacity of single piles allows the efficiency

of group tests to be calculated. Eight of the eleven single pile tests were successful,

and 38 of the groups tested were successful. These group tests are summarised in

Table 6.03.

6.4 Linear groups

6.4.1 Arrangement

A total of 22 linear groups were tested and were incorporated in the following tests

(the number in brackets represents the number of linear groups in that particular test):

1a (4), 1b (4), 1c (4), 1d (1), 3a (3), 3c (1), 3d (3), 4d (1) and 4e (1). The issue concerning

the silicone oil preventing direct contact between the pile and the clay over the upper

part of the pile caused problems with the data and unsurprisingly the loads sustained

by these groups were low compared to similar groups tested once the problem had
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been fixed. The issue was only satisfactorily resolved from test 1d onwards, and as a

consequence the 12 results from tests la, 1b and 1c have been omitted from analysis.

In addition, there were no usable data generated from test 4d. Two of the remaining

nine groups were also omitted in some analyses because of dubious test results that

were noticeably different to all others (ld-30 and 3d-32). The group LL05_1.00 showed

an unusual staggered response and upon excavation of the group it is revealed that

the piles were not vertical, which may have affected the reliability of the data. The

results from this group are included in some of the analyses, where specified. All of

these omissions left only six or seven groups available for analysis. A summary of these

groups is given in Table 6.04.

6.4.2 Capacitydetermination

Load vs settlement curves for each of the six tests are plotted in Figure 6.07. Each

curve shows the capacity per pile and is plotted up to 5 mm of settlement. Three of the

curves had shown a settlement of approximately 1.5 mm before the load began

increasing and this was likely to be caused by poor contact between either the pile cap

and the piles or the loading point and the pile cap. For each of these curves the

settlement has been reset to zero once there is uptake of load (denoted in the key of

Figure 6.07 as "mod"). Resetting the x-axis to a maximum of 1 mm (Figure 6.08)

confirms that there is little difference between the groups in terms of stiffness and

initial response to loading and all curves have a similar shape.

The graph of settlement vs time for the nine groups is shown in Figure 6.09. As

mentioned, in a number of tests the settlements began increasing before any uptake

of load and in these situations the measured capacity is taken as the change in

settlement from when the load starts increasing. With the exception of the three

irregular lines, the remainder are reasonably consistent and suggest a good even

response from the pile groups and between tests.

The capacity has been determined at the following stages: 0.1 mm, 0.25 mm, 0.5 mm

and 1 mm, which represent 0.02, 0.05, 0.10 and 0.20 d. The peak capacity was also

recorded. It has been calculated that at 0.05 d settlement, the groups have, on

average, achieved 74 % of their peak capacity; at 0.10 d this value increases to 91 %,
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and at 0.20 d the groups have attained 94 % of their peak capacity. However, by

excluding the results from the group spaced at 1.0 d, these values increase to 78 %,

95 % and 99 % respectively. It should be noted that there are two results for

ll05_2.00, since this group was tested twice, in test 3a and 4e. To calculate patterns in

behaviour with respect to pile spacing, the average of the two tests is used.

6.4.3 Efficiency

Figure 6.10 shows the efficiency vs pile spacing at the stages of settlement discussed in

the previous paragraph. The efficiency is derived from the capacity determined from

the test, divided by the number of piles in the test (which assumes all piles carry the

same load) divided by the calculated capacity of a single pile (as discussed in

Section 6.3.4). The graph shows that at a settlement of 0.05 d the efficiencies are

generally between 0.8 and 0.9, with the exception of pile spacing 1.0 d where this

value is 0.5 and pile spacing 2.5 d where the value is 1.0. At a settlement of 0.10 d, the

efficiencies are consistently between 1.0 and 1.1, with the exception of pile spacing

1.0 d where the efficiency is 0.6. The values of efficiency at 0.20 d are all approximately

1.1, which is very similar to the values at peak capacity, with the exception of pile

spacing 1.0 d.

For groups where the piles are further apart, 2.5 d, 2.75 d, and to a lesser extent 2.0 d,

the efficiencies at 0.10 d settlement and peak are all very similar. In contrast, where

the piles are closer together, 1.25 d and 1.75 d, there is a more significant difference

between the efficiency values. This suggests that over the range 1.25 d to 1.75 d, there

is additional capacity created as the piles settle beyond 0.10 d, whereas for groups

with piles spaced further apart, there is not. A pile spacing of 2.0 d appears to be a

borderline case between these two effects. Comments and conclusions from this will

be discussed in the following section.

6.4.4 Analysis

It is arguable as to whether a single line of piles can in fact behave as a block; there

was no evidence of this at the surface but it is suggested that a 'block effect' failure

mechanism may exist. The behaviour of the group is more complex where the piles are
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spaced in between these 'close' and 'far' extremes, at the point of transition between

the two failure modes. The idea of a 'block effect' is proposed, whereby there is a very

slight suppression at the surface where the piles 'engage' some of the soil in between

them, but this suppression is not visible to the naked eye via a shear surface. However,

it would be difficult to devise apparatus to try and measure ground settlement at the

surface between the piles in a linear group and this was not attempted.

A possible reasoning behind these results is that at a spacing of 1.0 d, the behaviour is

a form of block failure, and the efficiency is lower than 1, since the capacity

(specifically, the perimeter) of the 'block' is less than the capacity (perimeter) of the

individual piles. When the spacing is increased, more clay in between the piles is

incorporated creating a bigger 'block' and a higher capacity caused by more clay-clay

failure. This type of failure predominates at a spacing of between 1.25 and 1.75 d and

generates a peak in the data. This exact form of 'block effect' failure has not previously

been suggested and is not well understood. As the spacing is further increased, the

piles can no longer drag down the clay in between them and so they fail as individual

piles. The question to be answered is why this central clay is engaged when it would be

easier for the piles to fail individually because it would require less force. This

proposed phenomenon is expanded upon in the following sections and in Chapter 9.

6.S Perimeter groups

6.S.1 Arrangement

In total, 30 perimeter groups were tested. Tests 2a, 2b, 2c, 2d, 2e and 3b were

comprised solely of perimeter groups, with three in each test, making a total of 18

tests. The following tests included some perimeter groups: 4a (2), 4b (1), Sa (1), 5c (1)

and Sd (3) and test 5e comprised four perimeter group tests. Twenty tests had piles

spaced at 2.0 d centres, with alternative pile spacing as follows: 1.25 (2), 1.5 (3), 1.75

(3), 3.0 (1) and 4.0 (1). Eleven groups were in square' arrangements, 16 in circular

arrangements, and the remaining three were triangular groups. The number of piles in

each group was as follows: 8 (3), 9 (1), 10 (3), 12 (7), 14 (3), 16 (4), 18 (4) and 20 (5).
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6.5.2 Test errors and failures

As previously mentioned, after the completion of the phase 2 tests and with only two

successful results from the triangular groups, it was decided not to continue with this

geometry, and keep the study focussed on just the square and circular groups. The

triangular groups were also quite restrictive in the number of piles per group to allow

an equilateral shape. The groups would be limited to 9, 12, 15 and 18 piles. An

additional five groups had given unsatisfactory results in failing to achieve a settlement

of 1 mm and four of these groups were part of the phase 2 tests. The failure of these

four phase 2 groups was caused by the malfunction of the actuator. Three of the

failures occurred in test 2c, making the test totally unsuccessful, and initiating design

modifications to the actuator. A failure had also occurred in the previous test, test 2b,

and was likely to be an onset of the more serious problem, which fully developed in

test 2c.

The other failure occurred in test 4a and was caused by a loose bolt in the loading

apparatus, which meant that the loading beam was not kept perfectly horizontal. The

bolt was tightened and no further problems were encountered with tests 4b or 4c.

Following the catastrophic failure of test 4d, the loading apparatus underwent a re-

design, which included an improvement to the vertical guide system to further ensure

the loading beam remained horizontal, as discussed in Section 5.6. The exclusion of

various tests and groups means that of the 30 groups tested, only 16 will be used in

the analysis, as highlighted in Table 6.05.

6.5.3 Capacity determination

The load vs settlement curves of the circular perimeter groups are shown in

Figure 6.11. The curves show the load per pile, so the total group capacity is divided by

the number of piles in the group. All groups appear to show a sensible and similar

response at this scale. Figure 6.12 shows the same curves but this time the x-axis is set

to a maximum of 1 mm, which highlights a range of responses over the initial gradient

of the curve and indicates the stiffness of the groups. The least steep gradient, and

therefore the group exhibiting the least stiff response is PC1S_1.S0, followed by

PC12_1.S0.The next groups showing a relatively 'soft' response are both PC12_1.2S
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groups, from test 4a and 4b. This suggests that groups with close spacing (which also

fail as blocks, as discussed in the next section) show the least stiff responses, which

means that the rate of build up of load is more gradual. This effect is more prominent

in the bigger groups; i.e. pelS_1.50 shows a less steep curve than PC12_1.50. In

contrast, the groups that display the stiffest responses are PC14_2.00 and PC12_3.00.

In groups where the piles are placed further apart, it is expected that the interaction

will be minimal and that they will fail is individual piles and therefore will show a stiff

response. This is likely to be the case for PC12_3.00, but less so for PC14_2.00. Figure

6.13 is the same graph as Figure 6.12, but highlights the two different failure

mechanisms. It can be seen that the groups failing via the block mechanism generally

show a less stiff response.

In the case of the square groups, the pattern of load vs settlement is less clear, not

helped by the availability of only five groups for comparison. Figure 6.14 shows the

load vs settlement curves, which are displayed as the load per pile, assuming all piles

carry equal load. The curve for PS20_1.50 is an erratic shape because of the problems

that occurred in test 5c (refer to Section 5.6, 'actuator malfunction (3)'), although the

overall shape of the curve can be considered a reasonable indication of its true

behaviour. Group PS20_1.75displays the highest peak; the ultimate capacity then falls

to a similar value to that of groups PSOB_2.00and PS08_4.00. The groups with the

lowest capacity per pile are PS10_2.00 and PS20_1.50. Figure 6.15 shows the load vs

settlement curves for the first 1 mm of settlement. It should be noted that the curves

of PS20_1.50and PS08_4.00 have been slightly modified to create a clearer graph, but

the overall pattern has not been affected.

The peak capacities were ascertained for each group, along with the capacities at 0.02,

0.05, 0.10 and 0.20 d settlement. A calculation was then made to determine the

percentage of the peak capacity that had been attained at each of the four stages of

settlement. It was found that at 0.02 d, 58 % of the peak capacity had been reached, at

0.05 d settlement, 79 % of the peak capacity had been reached; at 0.10 d settlement

93 % had been reached; and at 0.20 d, the capacity was 98 % of the peak capacity.

These percentages are very similar to those calculated for the linear group tests
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(summarised with all group types in Section 6.7.2). The data described in this section

and in the following sections is summarised in Table 6.06.

6.5.4 Failure mechanism

Of the 16 groups under analysis, eight failed via the block mechanism, which meant

that the central soil moved downwards with the piles, thus shearing with the soil

outside the group perimeter. Groups that failed via the block mechanism generally,

but not always, had lower efficiencies, as is discussed in Section 6.5.5.

It was noticed that where block failure had occurred, there was a prominent vertical

shear surface over the top section of the group, which was only observable once the

models had been deconstructed. Examples of this are shown in Figures 6.16 and 6.17.

The full extents of these surfaces are unknown since they were rather irregular and

were not measured. However, it can be said with confidence that this type of shear

surface developed, to some extent, in all of the groups that underwent block failure. In

addition, it is approximated that the depth of the surface is similar to the diameter of

the group, with the exception of the groups PC12_1.25 (both in test 4a and 4b), where

the surface seemed to extend a lot further down the group (Figure 6.17b). Whilst these

surfaces were of notable interest and obvious significance, little more can be said

about them since they were difficult to record and quantify accurately.

6.5.5 Efficiency

In this chapter, the efficiency of a group will generally be referring to the efficiency at a

settlement of 0.20 d, which as mentioned previously is, on average, 98 % of the peak

efficiency for perimeter groups. Four divisions have been identified:

• low efficiency < 0.99

• Normal efficiency = 0.99 to 1.01

• Favourable effiCiency = 1.02 to 1.09

• High/abnormal efficiency ~ 1.10

The efficiency group "high/abnormal" is so called because it is important to keep in

mind the possibility that these results are erroneous. Eight of the 16 perimeter groups
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had a low efficiency; four had normal efficiencies, whilst the remaining quarter of

groups had a favourable or high efficiency. The group with the highest efficiency was

PC12_3.00 (Table 6.06). This group has a wider spacing than all groups, with the

exception of PSOS_4.00 (which incidentally had an efficiency of 1.01), but nevertheless

it is believed that the result is slightly erroneous (this is discussed further at the end of

Section 6.5.6). This particular group also responded with a higher efficiency at 0.05 and

0.10 d settlement than any other group, including linear groups and single piles. It is

therefore thought that the result should be treated with a certain amount of caution.

Of the eight groups with low efficiencies, six of them have a pile spacing of less than

2.0 d. The two remaining groups that have a pile spacing of 2.0 d, are relatively small

groups, both with just 10 piles. The cross sectional areas of the groups are expressed

as the cross sectional ratio, Res, which is the area of the soil divided by the area of the

piles. For these eight low efficiency groups, the range of Res values is 1.9 to 4.3.

Four groups have a normal efficiency, one is the group with 4.0 d pile spacing and

another is a small group of just eight piles. The other two groups are relatively large,

with cross sectional ratios of 6.5 and S.l. The three groups with favourable efficiencies

are summarised as follows:

• PC14_2.00; Res = 5.7; II = 1.07; individual failure

• PC16_1.7S;Res = 5.0; II = 1.09; block failure

• PS20_1.7S;Res = 4.9; II = 1.09; block failure

The two circular groups have very similar cross sectional areas and very similar

efficiencies, yet the number of piles is different as is the pile spacing, and more

crucially, the failure mechanism. Unfortunately, the central soil depression was not

measured for the group PC14_2.00. However, it was measured for the group

TC14_2.00 and was found to be 0.68 mm (as discussed later in Section 6.6.5) and so it

is possible that even with the absence of the central pile, the soil would still have

moved downwards to some extent. The square group has a slightly larger cross

sectional area, approximately 23 % larger, but also has a greater number of piles, in

fact 25 % more than the group of 16 piles, which has the same pile spacing. In truth, a
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direct comparison between circular and square groups may not be apposite, but even

so, there is a definite similarity between these groups. As an alternative way of

comparing the size of the group, the diameter is calculated. For the circular groups the

diameter is 44.6 mm and for the square group the (shortest) diameter is 43.8 mm,

equalling a difference of just 0.8 mm.

Eleven circular groups and five square groups were tested, but as a result of the

numerous unsuccessful tests there is only one group arrangement where it is possible

to compare directly the influence of group shape. Group PC10_2.00was calculated to

have an efficiency of 0.93 and group PS10_2.00 had an efficiency of 0.84. This result

indicates it is more efficient to utilise circular perimeter groups, although there is not

enough data to confirm the suggestion. It would be expected that a circular group

would have a higher efficiency, since the load distribution would be very similar, if not

the same, on all piles. This is considered favourable in comparison to square groups

where the load distribution is likely to be unequal and particularly high for the corner

piles. Also, the area of soil encompassed by the piles is greater for circular groups,

which can be important especially when block or 'block effect' failure occurs.

6.5.6 Central soil monitoring

A few initial rudimentary measurements were made in early tests to try and decipher

whether or not the central core of soil was being affected when the piles were loaded.

One of these measurements is shown in Figures 6.18a and 6.18b, which indicates the

level of the soil on the outside of the group is about 21.5 mm, but on the inside of the

piles the level is about 22.5 mm. In some cases it was reasonably convincing that the

central soil had in fact moved down relative to the soil outside the pile group.

However, movements were very small and unfortunately they were not properly

recorded in these early tests.

The idea of measuring the movement of the central soil core was not revisited until

test Sa. A bracket was fabricated that would fit across the width of the box and slide

along the reference frame (see Figure 6.19). Three locations were drilled at 50 mm

centres, which also had lVOT O-clamps located. The central lVOT was aligned in the

middle location, which could measure the settlement in the centre of the groups. The
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outer LVDTsmeasured just outside the groups. This monitoring was particularly useful

for measuring movements that were not easy to see, for example, in test Se the group

PC20_2.00 did not show any visible settlement, but the results in Figure 6.20 clearly

show that the central soil had settled relative to the soil outside the group, which

would have otherwise gone undetected. It should be noted that this settlement

measurement was 0.53 mm, which represents approximately 11 % of a single pile

diameter. This method of measurement also allowed the possibility of central soil

settlement to be dismissed for certain groups. In test Sa, a settlement of 0.14 mm was

recorded for group PSOB_4.00 and in test Sea settlement of 0.16 mm was recorded for

group PC12_3.00. Whilst both of these measurements represent approximately 3 % of

the pile diameter, they are considered negligible as realistically they are beyond the

level of accuracy possible, when bearing in mind the probable disturbances caused

during the test.

It can be seen from the graph in Figure 6.20 {and the diagram in Figure 6.21} that the

clay level at the front of the box {LVDT 43, see Figure 5.13} is always slightly higher

than the back of the box (LVDT41) and this is believed to be because of the increased

protection offered by the loading apparatus. The loading beam is perfectly central, but

the motor and gear box are located on a plate that is off centre and located towards

the back of the box; this means the clay may swell slightly less on the other side of the

box, where the wind effect was greater. The presence of the silicone oil on the surface

should negate this effect, but it cannot be ruled out. It should be noted that all

movements are relative to the model before loading on the centrifuge and the soil

heaved 4 to 5 mm during the equilibrium phase. For groups PSOB_4.00 and PC12_3.00,

the graphs show an anomalous result for LVDT43, which is caused by soil disturbance

during hand vane testing. However, neither of these factors influence the central core

of soil and its apparent depression.

One final, but important, observation is that the measurements from LVDT42 show a

lower clay level even on the outside of the group (i.e. the change in clay level is not a

linear increase from the back of the box to the front), suggesting that there is

interaction between groups. The group on the left-hand side of PC20_2.00 (nearest to

data points "outside left") was PC18_1.50, which was 57 mm away; on the right-hand
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side was PC12_3.00, which was 50 mm away. The graph shows that PC20_2.00 was

more affected by the group in closest proximity, on the right-hand side. This subject is

returned to in Section 6.6.5.

6.5.7 Analysis

Idealised proposed failure mechanisms are outlined in Figure 6.22 and show failure as;

(a) individual piles, (b) partial block failure, and (c) complete block failure, which are

shown as a function of pile spacing. At the furthest spacing the diagram shows the

shear takes place along the clay-pile interface only; at the closest spacing the clay

between the piles moves downwards with the pile, by the same amount and at the

same rate. At the mid-way spacing, some shear takes place along the clay-pile

interface, but additionally, some of the shearing takes place within the clay in between

the piles. This generates clay-clay shearing, which is thought to occur more readily at

higher displacements, compared to the displacement required to mobilise clay-pile

shearing. It is this effect that may be resulting in an increased capacity at the

transitional point between individual failure and block failure.

A similar apparent peak was commented upon by Whitaker (1957) initially and later by

Barden and Monckton (1970), who suggest the peak efficiency is obtained at a spacing

of 2.0 d. However, the reasoning suggested by Barden and Monckton was related to a

strengthening of the clay post pile driving. Of course, in these tests the piles are bored,

not driven, so this reasoning is not applicable.

AnalysiS has been completed to try and determine what failure surface a given group

may have and whether the group would fail as individuals (failure surface is all c1ay-

pile), as a block (failure surface is part clay-pile and part clay-clay), or somewhere

between these two extremes. This analysis is explained with the aid of Figures 6.23

and 6.24. In plan view, the failure surface is denoted by the angle, p, which defines the

location of this surface relative to the piles and the centre of the group. It is considered

likely that block failures would generally occur with p angles in the range 30 to 90°. A

fundamental element of the analysis is the variation of P and that the clay-clay fraction

(shown in orange) and the clay-pile fraction (shown in green) are considered
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separately. Figure 6.24b shows an angle of 300 and (c) shows an angle of 90 o. Below

300 (a) a block mechanism would not be expected since the portion of pile

circumference over which there is no clay-pile slip is too small. Beyond 900 (d) is

thought to be an improbable mechanism since for this to occur, block failure would

involve a high component of clay-clay shear relative to the clay-pile shear.

For each group, calculations were done to determine the exact area that would

undergo clay-clay shear and also the area that would undergo clay-pile shear, and this

was calculated for every angle between 13 = 0 and 100 o. The eleven circular perimeter

groups were analysed, since the areas were more straightforward to calculate. The

angle corresponding to the calculated capacity which was most similar to the capacity

output from the centrifuge tests (at 0.20 d) was the 13 value assigned to that particular

group. Two examples of the calculation spreadsheets are given in Tables 6.07 and 6.08,

which are explained with the aid of Figure 6.25. A summary of the results from all

groups is given in Table 6.09. Six of the groups had failed as blocks and these showed a

range of calculated 13 values between 52 and 690, which fell well within the limits

predicted (see "block shaft" column, Table 6.09).

Of the five groups that did not fail as blocks, two groups suggested that for the

calculated capacity to correspond with the centrifuge capacity, 13 would have to equal

77 and 780 for groups PC14_2.00and PC20_2.00 respectively. This is outside the range

for the groups that did undergo block failure (52 to 69 0). Interestingly, it is strongly

believed that both these groups showed signs of central soil depression and 'block

effect' failure, indicating this failure angle is on the cusp of block failure. For the

remaining three groups no sensible 13 value could be calculated, which means that the

failure must have taken place along only a clay-pile interface. In other words, the

groups must have failed as individual piles, which is supported by the evidence from

the centrifuge tests. Two of these groups are PC10_2.00 and PC12_3.00, which is as

expected. The third group was PC16_2.00, which does not make sense at first glance

(particularly since it is 'mid-way' between PC14_2.00 and PC20_2.00 that have just

been discussed), however, this group was installed in test 3b, where the soil was
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particularly firm and the Su range was 0 kPa, leading to various unexpected results,

which may affect this method of analysis.

The two PC12_1.25 groups, which were tested as part of test 4a and 4b showed P
angles of 67 and 55 ° respectively, which is a more significant difference than may be

expected for two identical groups. However, the average s, in test 4a was 65 kPa and

in test 4b this value was 54 kPa and so the failure path through the clay was shorter in

the clay of higher strength. On closer inspection, the failure path through the stronger

clay is in fact only 3 mm shorter around the entire group. Also, the difference in clay

strength is only 11 kPa and what's more, there is in fact very little difference between

the cs, values. A second similar observation is the comparison between the two block

failures in test 5d and the two in test 5e. The average Su in test 5d was 53 kPa and the

calculated J3 angles for the two groups were 69 and 64°; whereas the average s, in test

5e was 47 kPa and the p values were 52 and 57°. Soyet again, the higher strength clay

appears to force a shorter failure path.

In the analysis above, the base capacity is the sum of the base capacities of the

individual piles. For the groups that failed as blocks, an alternative was to calculate the

base capacity assuming that the pile group behaved as a single block, and therefore

the base area became significantly greater. The angles of P that result are larger than

the P angles in the previous analysis. A larger P angle is congruent to a reduction in

shaft capacity since the shaft perimeter becomes smaller (see Figure 6.26). In order for

the total capacity to have the same calculated magnitude, a reduction in shaft capacity

allows a larger contribution of capacity to come from the base. The p angles were

found to be in the range of 74 to 93 0, with the exception of PC12_1.25 (test 4b) where

p equals 59 ° (see "block base" column, Table 6.09). Referring back to Tables 6.07 and

6.08, the principle difference between these two spreadsheets is that the possibility of

a 'block base' capacity can be calculated for one of them {Table 6.08, group

PC12_1.50} and cannot for the other {Table 6.07, group PC14_1.75}. However, it is

thought improbable that the base capacity of the single block can be mobilised when

there is no true basal surface, and it is likely that movements and stresses would

dissipate horizontally outwards as the pile group is loaded. In addition, it can be seen
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from the photographs of the shear surfaces that the ~ angles were not in the range of

74 to 930 (Figures 6.27 and 6.28). It is unknown whether some small portion of

capacity may come from the base of the group block, but to determine this was

beyond the scope of the research.

With reference to Table 6.09, columns "Oclay_Pile" and "Oclay_clay" separate the total

capacity into the portions generated from clay-pile friction and clay-clay friction. The

final column shows the portion of load that is generated form clay-clay friction, as a

fraction of the total group capacity (which includes the capacity of the individual pile

bases). An average is calculated for each pile spacing and the findings are summarised

as follows:

• Pile spacing, 1.25 d

• Pile spacing, 1.5 d

• Pile spacing, 1.75 d

• Pile spacing, 2.0 d

Oclay-clay = 16 %

Oclay-clay = 25 %

Oclay-clay = 33 %

Oclay-clay = 4S %

In summary, this ~ analysis gives a consistent indication of block failure that reliably

ties in with centrifuge observations and shows sensible correlation between groups.

6.6 Target groups

6.6.1 Arrangement

In total, 12 target groups were tested successfully. The distribution of tests was as

follows: 4b (1), 4c (3), 4e (3), 5a (1), 5b (2) and 5c (2). Eight tests had piles spaced at

2.0 d centres, with alternative pile spacing as follows: 1.5 (1), 1.75 (2) and 2.25 (1).

Four groups were in square arrangements and eight in circular arrangements. The

number of piles in each group was as follows: 12 (3), 14 (2), 16 (5), 18 (1) and 20 (1). A

summary of the target groups tested is presented in Table 6.10. It was not necessary to

omit any data (although two target groups made up the failed test 4d) and so all 12

groups were analysed, totalling nine different arrangements, since one group was

tested three times and another group was repeated a second time.
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6.6.2 Capacity determination

Load vs settlement curves of the target groups are shown in Figure 6.29. The same

graph is shown in Figure 6.30, but over just the first 1 mm of settlement. It should be

noted that the curves of TC16_1.75 and TC18_1.50 have been slightly modified to

create a clearer graph, but the overall pattern has not been affected. The two groups

with the lowest capacity per pile were the two from test Sb, with the softer soil, so this

is as expected. In Figure 6.30, the groups with the next lowest capacities are TC14_1.75

followed by TC18_1.50, two of the three groups where the piles are spaced at less than

2.0 d. The next two groups with relatively low capacity are the two groups with 13

piles (TC12_2.00 and TC12_2.2S,both from test 4e) and TC16_1.75. The remaining five

groups have similar capacities per pile and all have between 15 and 21 piles per group;

the group with the highest capacity per pile is TC14_2.00. The data described in this

section and in the following sections are summarised in Table 6.11.

6.6.3 Failure mechanism

Of the 12 groups under analysis, six failed via the block mechanism and six did not. This

can be summarised as follows:

• Block: T516_2.oo, TC14_1.75, TC12_2.oo [x2], TC18_1.50, TC16_1.75

• Individual: TC16_2.oo, T516_2.oo [x2], T520_2.00, TC12_2.25, TC14_2.00

It was unusual to observe that the group T516_2.00, which was tested three times,

failed twice as individuals and once as a block. This variable behaviour is an indication

of the sensitivity of the conditions and that very slight changes can be the difference

between one type of failure mechanism and the other. The block failure occurred in

soil with an average s, of 54 kPa and the s, range (the difference between the s, at the

top of the pile and the toe of the pile) was 20 kPa. The first individual failure occurred

in soil with an average s, of 61 kPa and Su range of 6 kPa, the other individual failure

occurred in soil with an average s, of 33 kPa and an s, range of 9 kPa. It would appear

that this group is on the very cusp of failure mechanism behaviour and that a small

change is Su range can be the defining factor between the different types of behaviour.
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Clearly, the behaviour is broadly dependent on the spacing and the number of piles,

and thus, the diameter of the group. There is a point, a critical spacing, where the

spacing is too large and no matter how small the diameter of the group, it will never

fail as a block. At the same time, there will be a critical group diameter, and when

exceeded, no matter how close the spacing, it will never fail as a block. Of course,

these two critical factors are inter-related and therefore do not each have a specific

single value, because both properties are dependent on the other, over a particular

range. For example, the circular group of 12 piles fails individually at 2.25 d, but as a

block at 2.0 d; the groups of 14 and 16 piles fail individually at 2.0 d, but as blocks at

1.75 d. By the same reasoning, a group of 20 piles may fail individually at 1.75 d, but as

a block at 1.5 d, although there will come a point when the group diameter will be too

big to fail as a block at a spacing of 1.25 d, or even 1.0 d.

6.6.4 Efficiency

The efficiencies will be described in the same way as the perimeter groups; low,

normal, favourable and high (high/abnormal) efficiencies. Of the 12 groups under

analysis, three had a low efficiency, two groups had a normal efficiency, three groups

had a favourable efficiency, and four groups had high efficiencies of between 1.10 and

1.18. Unlike the perimeter groups, there is a less clear distinction between the

properties of the groups that share similar efficiencies. It is true that the groups with

favourable and high efficiencies are comprised entirely of groups with a pile spacing of

2.0 d (with the exception of one group at 2.25 d), but two of the five groups with

normal and low efficiencies also have a spacing of 2.0 d. In addition, there is no

apparent pattern regarding the size of the group, or indeed the geometry of the group.

All that can be concluded at this stage is that the target groups generally have

favourable or high efficiencies where they fail individually (five out of seven cases) and

they generally have low or normal efficiencies where they fail as a block (four out of

five cases). It is true that the central pile seems to complicate any previously observed

patterns associated with the perimeter groups. However, when revisiting the Res

values, a pattern does emerge. Groups with low or normal efficiencies have Resvalues

between 3.9 and 4.8 and groups with favourable or high efficiencies have Resvalues

between 4.8 and 6.1 (with the exception of TC12_2.00, which has an Resvalue of 4.5).
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As for the perimeter groups, there was only one occurrence where a circular target

group could be compared with a square target group. It was calculated that group

TC16_2.00 had an efficiency of 1.12; TS16_2.00 was tested three times and was found

to have a wide range of efficiencies, 0.99, 1.06 and 1.17. The average of these square

group efficiencies is 1.07, which is lower than the circular group efficiency; this would

tend to support the findings from the perimeter groups, although this evidence is not

strong.

6.6.5 Central soil monitoring

Central soil monitoring was first discussed in Section 6.5.6 for the monitoring of

perimeter groups. This method was also used to monitor the target groups, although it

excludes the central measurement because of the presence of the central pile. As

previously shown, this monitoring was useful for measuring movements that were not

easy to see, for example, in test 5a the group TC14_2.00 did not show any visible

settlement, but the results in Figure 6.31 clearly show that the central soil had settled

relative to the soil outside the group and the recorded measurement was 0.68 mm. In

Section 6.5.6, the subject of group interaction was touched upon; and it can now be

seen that when comparing PC20_2.00 (Figure 6.20) to TC14_2.00 (Figure 6.31), group

interaction appears not to affect the target group. Group TC14_2.00 appears to be

equally unaffected from either side (outside left and outside right), and the

neighbouring groups were a minimum of 68 mm away. Equating both these results

suggests that group interaction becomes active when the groups are between about

11 and 14 pile diameters apart. This only became an issue in test 5e.

6.6.6 Analysis

As for the perimeter groups, this analysis is explained with the aid of Figures 6.23 to

6.26. There were eight circular target groups available for analysis. The calculations

were carried out in the same way as for the perimeter groups (described in

Section 6.5.7) and the results are displayed in the same format in Table 6.12. Five of

the groups had failed as blocks and four of these groups had a calculated 13 angle of

73 to 75°. The fifth group, TC18_1.50 had a calculated 13 angle of 52 0. The situation
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regarding the calculation of base capacity was the same for the perimeter groups, and

it can be seen from column "block base" (Table 6.12) that only one angle of ~ could be

calculated. Interestingly, this was for group TC18_1.50 where the ~ angle was 74°,

which iswithin the range of the ~ angles of the four other 'block failure' groups.

Three groups did not fail as blocks, although two of them, TC16_2.00 and TC14_2.00,

yielded sensible ~ angles of 74 and 580 respectively. Interestingly, as for the perimeter

groups, it is strongly believed that both these groups showed signs of central soil

depression and 'block effect' failure. This cannot be proven for TC16_2.00, but it has

been shown clearly that this occurred for group TC14_2.00. Table 6.12 also shows that

as the spacing increases, the proportion of capacity generated from clay-clay shear

increases, as would be expected. The value of Oclay-clay / Ototal for TC18_1.50 is 25 %,

this increases to 47 % for group TC12_2.25.

In summary, this simple analysis gives a consistent indication of block failure that

reliably ties in with centrifuge observations.

6.6.7 Target group and perimeter group comparison

In one observed case, the addition of the central pile to a perimeter group (therefore

making it a target group), was the difference between the group failing individually,

and failing as a block. This occurred for a group of 16 piles at 2.0 d spacing in a square

arrangement; the perimeter group failed as individual piles and the target group failed

as a block.

However, as previously mentioned, the piles in group T516_2.00 also failed as

individuals. It was tested three times in total and on two of those occasions (one as

part of test Sb) the piles failed individually. What is more, when the group did fail as a

block (in test 4b) the capacity was unusually high compared to all other groups, and

since this was not observed in any other group, the overall observation is deemed

inconclusive. A number of other groups with the same number of perimeter piles and

the same spacing were also tested as both perimeter and target groups and the results

are summarised as follows:
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• PC14_2.00(2e) and TC14_2.00(5a)

• PC14_1.75(5d) and TC14_1.75(4e)

• PC16_2.00(3b) and TC16_2.00(4c)

• PC16_1.75(5e) and TC16_1.75(5c)

• PC18_1.50(5e)and TC18_1.50(5c)

individual failure

block failure

individual failure

block failure

block failure

The load vs settlement curves can be seen in Figures 6.32 and 6.33. If considering the

capacities at 0.02 d, the two perimeter groups spaced at 1.75 d have higher efficiencies

than their equivalent target groups. At a pile spacing of 2.0 d the target groups have

higher efficiencies.

Whilst there was only one, slightly dubious, circumstance where the addition of the

central pile visibly changed the behaviour and failure mechanism of the group, it is

believed that the central pile does indeed have an influence, which is just more subtle

than initially expected. It appears that the central pile has a positive effect in terms of

efficiency, on most of the groups, to differing extents. There is an apparent correlation

between Res value and the extent of effect that the central pile has. For the three

groups where the effect was relatively large (and increase in efficiency of between

11 and 15 %), the Res values of the perimeter groups were between 5.0 and 6.5. For the

two groups where the effect was minimal, the Res values were 4.1 and 4.3.

The ~ analysis is useful and shows that the range of ~ angles where pile-pile shear

transitions to clay-pile shear is between 52 and 78 0 for both perimeter and target

groups where block or block effect failure occurs.

6.7 Grid groups

6.7.1 Arrangement

Three grid groups were tested and they can be summarised as follows: test 4a,

GS25_2.00; test Sa, GS16_2.00 and test 5b, GS25_2.00. The group of 16 piles was

arranged as a 4x4 grid and the groups of 25 piles were arranged as 5x5 grids. One of

the principal reasons for including grid groups was to try and correlate the

experiments with work conducted by previous Authors. If agreement existed between
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the grid groups in this research and in previous research, then there would be

increased confidence in the findings for the new perimeter and target groups.

6.7.2 Capacitydetermination

Load vs settlement curves are shown in Figures 6.34 and 6.35. As expected, the group

in test 5b (softer soil) has the lowest capacity per pile. The other two groups show a

higher capacity, but more importantly, the group with fewer piles shows a stiffer

response than either of the groups of 25 piles. As with previous group types, the peak

capacities were ascertained for each grid group, along with the capacities at 0.02, 0.05,

0.10 and 0.20 d settlement. A calculation was then made to determine the percentage

of the peak capacity that had been attained at each of the three stages of settlement.

It was found that at 0.02 d settlement, 45 % of the peak capacity had been reached; at

0.05 d settlement 69 % of the peak capacity had been reached; at 0.10 d settlement

84 % had been reached; and at 0.20 d settlement the capacity was 97 % of the peak

capacity. These percentages compare similarly to those calculated for other groups,

and can be summarised as follows:

0.02d 0.05d 0.10d 0.20d

• Linear* 52% 78% 95% 99%

• Perimeter 58% 79% 93% 98%

• Target 49% 72% 87% 96%

• Grid 45% 69% 84% 97%

[*These percentages exclude LL05_1.00, as discussed in Section 6.4.1 along with two

other anomalous results from LLOS_2.00(test 3a) and Ll05_2.75]

It is clear from this that the linear and perimeter groups respond most quickly and

thereby achieve their peak capacity at smaller settlements, although the target and

grid groups are not far behind. By a settlement of 0.20 d, all groups have attained at

least 96 % of their peak capacity. Having said that, at more practical limits of

settlement, such as 0.10 d, the grid groups have achieved only 84 % of their peak

capacity, compared to the linear and perimeter groups, which have attained about

10 % more. However, in practical terms, it is unlikely that a pile group would be
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designed such that these kind of settlements would be tolerated. More realistically, in

terms of design, for a grid group at a settlement of 0.02 d, it has achieved 45 % of its

peak capacity, whereas a perimeter group has, on average, achieved 58 % of its peak

capacity. The grid group data described in this section and in the following sections are

summarised in Table 6.13.

6.7.3 Failure mechanism

Two of the three groups failed as a block; the group where the piles failed individually

was GS25_2.00, in test 4a. It is believed that this group would have failed as a block,

had it not been for the following conditions: the test had a high average s, of 65 kPa,

the s, range was just 13 kPa. As previously discussed (most notably for target groups,

Section 6.6.3) it is believed that a narrow s, range can have an influence on failure

mechanism. This matter is returned to in Chapter 9. In addition, there were problems

with the loading beam tilting, as discussed in Section 5.6.

The results reported by Whitaker (refer back to Figure 2.05) show that the bigger the

group, the more likely it is to observe block failure. For example, the widest pile

spacing where block failure was observed in the 5x5 group was at spacing of 1.5 d; for

the 7x7 group, the widest spacing was 2.0 d; and for the 9x9 group, the widest spacing

was 2.25 d. Barden and Monckton note that block failure was only observed in the soft

clay sample, at a pile spacing of 1.5 d.

6.7.4 Efficiency

The calculated efficiencies of the three groups are as follows:

• GS16_2.00 (test 5a): 11 = 0.97

• GS25_2.00 (test 4a): 11 = 0.84

• GS25_2.00 (test 5b): 11 = 0.81

The efficiency of the GS25_2.00 (or 5x5) group arrangement, tested by other Authors

are as follows:

• Whitaker (1957) = 0.66 (soft clay)
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• Barden and Monckton (1970) = 0.7 (soft clay), 0.9 (stiff clay)

The results reported for the soft clay correspond well with each other, and the results

reported by Barden and Monckton correspond reasonably well with these model tests.

It would be a reasonable argument to assume that had Barden and Monckton tested a

firm clay, they may well have observed an efficiency of about 0.8, which would fit very

well with the results in firm clay from these model tests. Whitakers results showed

that the bigger the group, the lower the efficiency, between pile spacings of 1.5 and

2.25 d. At pile spacingsof greater than 2.25 all groups show similar efficiencies.

6.7.5 Comparison with perimeter and target groups

It is clear from the observations thus far, that perimeter groups and target groups are

more efficient than grid groups. However, what has not been established is whether,

for a given area of ground, a higher capacity could be achieved by installing a greater

number of less efficient piles, or a lesser number of more efficient piles. To investigate

this matter, the following groups have been compared, all of which occupy the same

footprint: GS2S_2.00, PS16_2.00 and TS16_2.00. The results are shown in Table 6.14.

Unfortunately, the group PS16_2.00 has been guesstimated from three other groups

since the result from the actual test was discarded. Where a group was tested more

than once in the centrifuge, the average has been calculated and the bottom three

rows in the table contain the data for comparison.

The findings presented in the table suggest the greatest capacity can be achieved from

group GS25_2.00, which is only true at higher levels of settlement, but this does not

necessarily make it a better group. The four columns entitled "efficient pile equivalent"

have been calculated from the group efficiencies (at the relevant degrees of

settlement) multiplied by the total number of piles in the group to give a theoretical

number of fully efficient piles. In this example, if group TS16_2.00 was chosen over

GS2S_2.00, eight fewer piles would need to be installed (17 from 2S) but there would

only be a loss of capacity equivalent to that of three piles (21 to 18) at a settlement of

0.20 d. This revelation is even more pronounced at lower settlements; at a settlement

of 0.02 d and O.OSd, the capacity of each of these groups is exactly the same

(equivalent to 9 or 14 fully efficient piles, respectively), but again, group TS16_2.00 is
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comprised of eight fewer piles than GS2S_2.00. The perimeter group shows similar

results to the target group, although to a lesser degree.

6.8 Composite pile tests

Much of the equipment is made from aluminium, which is a common material for

centrifuge apparatus for a number of reasons: it is easily workable, lightweight and it

has a unit weight similar to that of concrete.

Model piles have been made from aluminium in a number of previous centrifuge

research projects, and this has been done with success.However, it was decided to try

and replicate more realistically a reinforced concrete pile, which would be significantly

lessstiff than the aluminium pile.

A number of materials were considered for their different properties. An injected resin

pile was considered, which is another common method used in centrifuge testing, but

rejected because the construction process would be very awkward and the 5 mm

diameter pile would be likely to suffer from the formation of air bubbles.

The final solution comprised an aluminium tube injected with resin, with a brass rod

inserted through the centre. The aluminium tube had an outside diameter of 5 mm

and a wall thickness of 0.45 mm; the pile length was kept at 270 mm. The brass rod

had a diameter of 1.2 mm. This composite pile would have the same soil interface

properties as used in the main centrifuge tests but would have a longitudinal stiffness

comparable to reinforced concrete. The resin was made by mixing casting resin

(Biresin G27) with hardener and powder (trihydrated alumina) at a weight proportion

of 1:1:2 (resin:hardener:powder).

The stiffness of a concrete pile multiplied by its area was calculated as follows:

~ EcAc = 30 N/mm2 x 19.6 mm2 = 588 N

Where Ec is the concrete stiffness (assuming a high strength concrete) and At is the

concrete area. The stiffness of a section of the new composite pile, multiplied by its

area, was also calculated:
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~ (EaAa) + (ErAr) + (EbAb) = (70 N/mm2 x 6.4 mm2) + (1.3 N/mm2 x 12.1 mm2) +

(110 N/mm2 x 1.1 mm2) = 585 N

Where subscript 'a' is aluminium, subscript 'r' is resin and subscript 'b' is brass. [NB,

the best available approximate values of material stiffness were used].

The composite piles were included in test 3c, as a single pile test and group ll05_2.25,

also in test 3d as ll05_2.75. Results showed very little difference in response and

ultimate pile capacity over these three tests, as compared to identical groups with

aluminium piles. Whilst the scope of testing was not particularly thorough, it gave a

good indication to the behaviour of a pile with a longitudinal stiffness similar to that of

concrete. Composite piles were not used in any further tests.

6.9 Summary

~ Single pile

The single pile tests were an essential part of the experiments and without them it

would have been virtually impossible to provide reasonable comparison between the

separate tests. There were a number of unsuccessful tests, but the majority of later

tests yielded good results. From these results it was possible to formulate a convincing

relationship between a. and su,which could then be applied to all tests and allow each

group to be normalised by a common factor. This method has assumed that the

capacity of the pile base was negligible and can be considered equal to zero.

~ linear groups

The linear pile tests were a good starting point from where to continue the research.

Unfortunately a high proportion of the tests were unsuccessful because almost all of

the linear groups were in the initial tests, which were largely problematic. The

problems were generally caused by the loading mechanism and faults within the

various components, which took a number of tests to fully realise and remedy.

However, the successful tests provided a good range of data and some limited

conclusions could be made. There appeared to be a slight peak in the efficiency
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between pile spacings of 1.25 and 1.75 d, allowing the first hypothesis that there is

some 'engagement' of the central soil. This idea was pursued in later group tests.

~ Perimeter groups

The perimeter pile groups were the main focus of the work and were akin to the

comparable prototype, Cannon Place. Despite only half of the groups tested yielding

good results and workable data, some interesting observations were made and new

findings emerged. It was noted that the three groups with favourable efficiencies,

although different in geometry, number of piles, pile spacing and failure mechanism,

all had exactly the same group diameter (within 1 mm), which resulted in almost the

same efficiency. These groups also fell within a very similar range of Res values.

~ Target groups

The target pile groups were an interesting diversion from the mainstay perimeter

groups and on the whole they proved to be the most efficient type of group. However,

over the range of tests conducted the addition of the central pile seemed to have little

influence over the failure mechanism of the group. The patterns of behaviour were

more difficult to characterise because of the increased complexity of the shape and

soil-pile interaction mechanisms.

~ Grid groups

The grid groups provided an extremely valuable data set. Not only did this allow

comparison with the traditional pile group formation, but also helped validate the new

research against existing data. The results from this research correlate well with the

work published by Barden and Monckton, which in turn correlate well with the widely

referred work of Whitaker. As expected, the grid groups are the least efficient type of

group, with the group of 25 piles being less efficient than the smaller group of 16 piles.

~ Overall

The 46 successful single piles and pile groups that were tested provided a wide range

of data from which to make an array of new observations, as well as correlating the
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tests both within the research and with existing work. The number of variables has

made the analysis quite arduous and the compilation of observations and results has

been a complex process. However, there is good reliability and consistencv in the data

and on the whole the experimental work is considered successful.
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7 Numerical Modelling

7.1 Introduction

The performance of the pile groups have been evaluated numerically using the method

of non-linear finite element (FE) analysis. The results from the numerical modelling

exercise are being used to assist in interpreting and extending the understanding of

pile group behaviour, which was observed during the experimental centrifuge work.

A range of pile group models were analysed numerically using the FE programme,

Abaqus (Hibbitt et ai, 2008), many of which were similar to those tested in the

centrifuge. A relatively simple constitutive soil model has been used, and the 3D

capability along with the sophistication of this software allows accurate relative

comparison between all the numerical models. The numerical modelling also allowed

the consideration of different pile group configurations and spacing, enabling

comparison with the findings of other Authors, as well as additional groups that could

not be tested in the centrifuge because of time constraints. A summary of the pile

groups investigated is shown in Table 7.01.

FEmodelling is becoming lncreasinglv popular both in industry and academia and it

was felt important to combine this numerical work to support the centrifuge

experiments and see if the findings concurred with other Authors' data. This would

potentially attach further confidence to these experimental findings, which could then

be appreciated by the more extensive community of numerical modellers, in addition

to centrifuge modellers.

The numerical modelling work was carried out in two phases at the University of

Western Ontario, Canada, in collaboration with their Geotechnical Research Centre.

The initial phase took place from October 2010 to March 2011 and at this stage 18 of

the 23 centrifuge experiments were complete. However, these 18 centrifuge

experiments had yielded just 26 of the 46 successful Single/group tests. A secondary

phase of numerical modelling took place in October 2011 once all 23 centrifuge tests
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were complete. Whilst the initial phase was considerably longer, it allowed for the

numerical model to be carefully constructed and the programme to be better

understood; all the models were in fact run in the second phase of numerical

modelling work.

7.2 Model formation

7.2.1 Introduction

A number of techniques were trialled with this software to try and determine the best

way of getting realistic, reliable and comparable data. Also, since this aspect of work

was only to support the main component of experimental work, the method and

models would need to be relatively easy to formulate and with no unnecessary time

consuming complications. With this in mind it was decided to analyse the equivalent

prototype rather than the centrifuge model, because modelling a centrifuge test

introduced several additional complexities. Therefore, all numerical models will be at a

60:1 scale of the centrifuge tests and so all quoted dimensions (stress, force etc.) will

also be at equivalent prototype (numerical model) scale. One important difference is

that the numerical mesh boundaries will be more remote than the boundaries of the

centrifuge strongbox and it is not known what effect this difference may have. The

material constituents in the analysis were intended to represent the centrifuge

experiments and so parameters for kaolin clay and aluminium were selected. This

philosophy resulted in a relatively simple model, with as few complications as possible,

but yet gave believable results and provided an interesting and useful comparison to

other data.

7.2.2 Soil model

Since only the undrained behaviour of the soil was being considered, it was deemed

sufficient to use a total stress model for the soil. The soil has been simulated using

eight-node hexahedron elements, whose behaviour is given by the Tresca failure

criterion. This failure criterion is implemented in Abaqus as a modification of the

Mohr-Coulomb failure criterion and therefore, from this point onwards, the soil model

will be referred as 'Mohr-Coulomb'. The following five parameters are required: unit
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weight (y), cohesion (c), friction angle (~), Young's modulus (E) and Poisson's ratio (v).

The analysis assumed undrained conditions and therefore the undrained shear

strength (su)and associated total stress values were used:

y = 1800 kg/m3

Su= various (seeSection 8.1.1)

~=O

E= 50 MPa

v =0.5

The Mohr-Coulomb criterion assumes that failure occurs when the shear stress at any

point in a material reaches a maximum value that is given by the normal stress in the

same plane. The Mohr-Coulomb model is based on plotting Mohr's circles for states of

stress at failure in the plane of the maximum and minimum principal stresses. The

failure line is the best straight line that touches these circles. Therefore, the Mohr-

Coulomb model is defined by:

't = C + otane (Equation 7.1)

The friction angle, cp, controls the shape of the yield surface in the deviatoric plane (0'1,

0'2, 0'3)' The friction angle in each of these analyses has been taken as zero; and where

this is assumed, the Mohr-Coulomb reduces to the pressure-independent Tresca

model with a perfectly hexagonal deviatoric section.

Since the conditions are assumed to be undrained and the load is considered to be

applied relatively quickly; pore pressures, and the change thereof, have not been

accounted for. The Mohr-Coulomb model is often considered too basic to model real

in-situ soils with enough accuracy; but in this instance it was considered acceptable,

especially since its primary purpose was to allow a comparison, rather than generate

absolute values required for design.
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7.2.3 Soil profile

The shear strength of the clay in the numerical model increased with depth in a similar

way to the true shear strength values measured from the centrifuge tests. The soil was

divided into three 5 m sections over the length of the pile, with a further single section

extending from the toe of the pile to the base of the model. This technique of course

created an imperfect staggered s, profile, but a sensitivity analysis was carried out by

further dividing the soil into five 3 m sections over the length of the pile and very little

difference was observed. The soil profiles tested are discussed in Section 8.1.1.

7.2.4 Piles and pile caps

The numerical analyses used equivalent prototype pile dimensions of the centrifuge

tests, i.e. 300 mm diameter and 15 m length. The piles were modelled as aluminium

and given appropriate corresponding parameters. In reality, the material should not

make a significant difference if it is appreciably stiff compared to the soil, and where

the lid ratio is not Significantly high. The pile cap was modelled with discrete rigid

elements. A constraint was established whereby the underside of the pile cap was tied

to the tops of the piles.

7.2.5 Soil-pile interface

Abaqus assumes by default that the interaction between contacting bodies is

frictionless and it was necessary to set-up an alternative for the pile-soil interface. The

basic concept of the Coulomb friction model is to relate the maximum allowable shear

stress (friction) across an interface to the contact pressure between the contacting

bodies. Thus, two contacting surfaces can carry a shear stress up to a certain

magnitude across their interface before they start sliding relative to one another; this

is the state of sticking. The critical shear stress, tcrit (the point at which sliding starts) is

defined as a fraction of the contact pressure Pc between the surfaces, which is

governed by ~, the coefficient of friction;

tcrit = ~Pc (Equation 7.2)
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A maximum shear stress, 'tmax, was also set in each of the analyses and was equal to a

proportion of the shear strength of the soil. This was chosen to be similar to the

centrifuge value of asu• Setting a value for 'tmax automatically makes it the controlling

factor regardless of the magnitude of the contact pressure stress. The piles were

divided into three sections, which corresponded with the soil sections to enable

appropriate interface values to be applied and therefore the value of 'tmax varied with

depth.

7.2.6 The mesh

The soil-pile system is simulated using a 3D FEmodel that is comprised of solid eight-

node hexahedron elements to represent the soil and the piles. Reduced integration

elements were chosen as opposed to fully integrated elements, to overcome the

volumetric locking effect of the fully integrated elements when the model material is

almost incompressible. The dimensions of the mesh were such that it extended 2l in

height (z-axis),where L is the pile length, and a distance l in both the x and y axes.

A staged mesh refinement was carried out to reach an optimum solution. In order to

accurately capture the geometry of piles, the average aspect ratio of elements was

kept below 1:4. In high stress concentration regions, the aspect ratio was kept as close

to unity as possible. The models were seeded by hand and on the whole the same

numbers of seeds were placed in the same locations in each model. There was

inevitable variation where the soil surrounded the piles, which depended on the

number of piles in the group and the spacing. However, every attempt was made to

ensure that the models had about the same number of elements, which was kept at

approximately 25,000.

In order to reduce the computational time and effort but keep good accuracy, the soil-

pile system is simplified to quarter symmetric rectangular models as shown in

Figure 7.01. This figure also shows the division of the mesh into sub-sections and

highlights the top third of the soil-pile interface. Consequently, symmetry boundary

conditions were employed on faces A and B. A fully fixed boundary condition was

applied to the base of the model and the faces diametrically opposite A and B were
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fully fixed in the x and y directions. The boundary conditions and effects of the far field

were rather different in the numerical tests to those in the centrifuge experiments. In

the numerical tests, each group is modelled separately and so there is no possibility of

neighbouring groups impacting on each other. Also, in the numerical tests, the far field

is at a distance of 50 d, whereas in the centrifuge experiments, this distance is down to

as low as 10 d. These differing aspects between methods of modelling have not been

investigated.

7.2.7 Geostatic stress

Geostatic stresses are used to verify that the initial geostatic stress field is in

equilibrium with the applied loads and boundary conditions at negligible strain. This

procedure also allows for pore pressure degrees of freedom. However, since pore

pressures are not accounted for in this undrained analysts, the function was not

required. The geostatic stresses assume a gravitational acceleration of 10 m/s2 and

were applied in the first step, prior to pile installation. The affect of this step is to

generate increasing stress with depth (Figure 7.02) with only minute strains and in

doing so replicate prototype stress conditions.

The horizontal stresses were directly proportional to the vertical stresses in all models,

therefore, crh= crvand K= 1.

7.2.8 Loading

The loading was displacement controlled, and this displacement was applied over the

surface of the pile cap, with zero allowance of pile cap rotation. To stabilise the model

during the onset of deformation, the displacement was applied with an amplitude

curve, which meant it was applied very gradually to begin with and getting faster as

the displacement continued. This was done to help keep the model stable and avoid

element distortions from forming too early on in the solution.

7.2.9 Model test summary

A range of models were tested, many of which corresponded to the centrifuge tests

carried out. Square and circular groups were tested, with pile numbers ranging from
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12 to 25 piles and spacing ranging from 1.5 to 3.0 d. Occasional numerical instabilities

were encountered, although on the whole the tests worked well and problems with

convergence rarely occurred.
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8 Numerical Analysis and Comparison

8.1 Introduction

8.1.1 Soil strength

A range of soil profiles were tested with a single pile to ensure the numerical analysis

was behaving in an expected manner and that it would generate results that give an

accurate representation of the centrifuge tests. Naturally, the soil profile chosen for

the numerical models would need to reflect the true s, profile obtained from the hand

vane tests taken from the model after centrifuge testing. The value of 'tmax was

adjusted accordingly, as explained in Section 7.2.5, using the equation from the

findings of the centrifuge experiments to calculate the appropriate proportion of the

soil shear strength:

(l = 1.1- 0.008su (Equation 6.1, from Section 6.3.4)

The first stage of numerical modelling was done before the centrifuge tests were

complete and used an approximate soil profile. The principle soil profile that was used

in the second stage of modelling was soil profile A (SPA), which was chosen because it

most accurately represented the average soil profile of all centrifuge tests under

analysis. All soil profiles used in the numerical analyses are shown in Figure 8.01, along

with the associated os, paths and the Nunez correlation profile (discussed in

Section 6.2). The s, values were calculated over three equal staged depths of 0 -

83 mm, 83 - 167 mm and 167 - 250 mm. These depths correspond to prototype

depths of 0 - 5 m, 5 - 10 m and 10 - 15 m respectively. The corresponding (l values

were calculated and the resulting soil profile A was as follows:

• Section 1: 0 - 5 m; s, = 30 kPa; (l = 0.84

• Section 2: 5 - 10 m; Su = 50 kPa; (l = 0.68

• Section 3: 10 - 15 m; s, = 60 kPa; (l = 0.60
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Since it was found that the strength of the soil beneath the piles had little effect on the

overall results, it was decided that the soil from 15 - 30 m would have the same profile

as the soil in section 3, listed above.

8.1.2 Single pile

In the centrifuge tests, the reported capacity of a single pile was equal to the peak

capacity. In the numerical model, the load vs settlement curve for SPA is shown in

Figure 8.02 and it can be observed that the peak capacity is equal to the ultimate

capacity. The single pile centrifuge tests were only used for comparison, and it was the

calculated values that were used for all normalisations, although the actual test results

showed very good correlation with the calculated values. A different approach to

normalisation will be used for the numerical analysis.

The single piles from the numerical modelling will be used to normalise all group

numerical models and this was trialled in three ways. Firstly, (1) the capacity of the

single pile was determined at the same stages of settlement as the groups, at 0.02,

0.05, 0.10 and 0.20 d. This approach was not possible in the centrifuge tests since

testing problems had resulted in there being only one value for the capacity of a single

pile whereas for the numerical modelling there is an equivalent single pile capacity at

each stage of settlement. Secondly, (2) the peak capacity of the single pile was

compared with the group capacities at the various stages of settlement, which allows a

direct comparison of group effiCiencies in the same way as was done for the centrifuge

tests. Finally, (3) the staged group capacities (0.02, 0.05, 0.10 and 0.20 d) were

compared with a speclflc stage of single pile settlement (0.02, 0.05, 0.10 or 0.20 d),

which was chosen as a result of the outcome of the first two methods of analysis. It

turned out that for this third method of analysis, comparison with a single pile

settlement of 0.10 d gave the most analogous outcome between numerical and

centrifuge results. It is not surprising that the centrifuge experiments do not compare

well with the numerical tests that are normalised against a single pile at small

settlements. This is because the simple numerical soil model is not capable of

accurately predicting the non-linear small strain stiffness behaviour of soil, but can

predict well at moderate strains. The numerical soil model tends to over predict at
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high strains, which is thought to be caused by the difficulty in forming a clay-clay

failure surface.

The peak capacity of the single pile in the numerical analysis (refer back to Figure 8.02)

is comparable to its ultimate capacity and is reached after a settlement of 90 mm, or

0.30 d. The capacity does not significantly increase any further and the analysis was

terminated at 100 mm settlement. A capacity calculation using Skempton's equation

(Equation 2.1), gives a single pile capacity of 487 N, a difference of about 10 %

compared with the numerical results. The average capacity of a single pile obtained

from the centrifuge tests was 148 N. The centrifuge scaling law for force is 1:1/Ng
2

(where Ng is the dimensional scale factor); so at prototype scale the model capacity

equates to 533 kN. The actual single pile peak capacity calculated by the numerical

model for SPA was 538 kN, which is a difference of only 1 %. A more thorough analysis

is possible with the numerical modelling than for the centrifuge tests since there are

not the same problems with test errors and inevitable differences between tests.

8.2 Perimeter groups

8.2.1 Introduction

Seven perimeter groups were tested and were selected for testing on the basis of

results from the centrifuge tests. The intention was to investigate the transition

between the two types of failure mechanism and the higher efficiency groups; as a

result only a relatively narrow range of groups were tested. Five groups were circular

groups and five groups were arranged at a pile spacing of 1.75 d. Unfortunately, three

of the groups did not reach a settlement of 60 mm (0.20 d) before the soil elements at

the base of the piles over-distorted and the model could no longer converge. Four of

the seven groups had been tested in the centrifuge, and a further numerical square

group, PS16_2.00, was compared with its circular equivalent, pe16 2.00, which had

been tested in the centrifuge. These five group comparisons allowed a good evaluation

between the two modelling methods. A summary of the data is shown in Table 8.01.

The first part of the table shows the results of the seven groups that were analysed

and displays the data as the group capacity divided by the number of piles (assuming
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all piles carry equal load) at increasing stages of settlement. The following three parts

of the table show efficiency results only for the five groups that were tested

experimentally and numerically. The first shows a numerical comparison of different

stages of single pile settlement, which could not be done with the centrifuge results,

for reasons already given. The second shows the results of both modelling methods

compared with a single pile peak capacity, which was how the centrifuge results were

analysed. The final part shows results from the centrifuge (as above) compared with

numerical results where the efficiencies were calculated against a single pile at 0.10 d

settlement. These different comparison methods were introduced in Section 8.1.2.

This analysis includes the comparison of PS16_2.00 (numerical) with PC16_2.00

(centrifuge). As stated, the most successful comparison was with a single pile capacity

at 0.10 d settlement. This, the final part of Table 8.01, is what will be discussed in the

following efficiency comparison.

8.2.2 Efficiencycomparison

~ Numerical only

The efficiencies of the groups at a settlement of 0.02 d were all very similar at

approximately 0.38, with the exception of PS16_2.00, where the efficiency was only

0.32. At a settlement of 0.05 d, these values had increased to 0.74 and 0.66

respectively, with the exception of PC12_1.50, which had only increased to 0.68. The

efficiencies at 0.10 d further increased to approximately 0.92 for all groups, with the

exception of PS16_2.00, where the efficiency was 0.88, and PC12_1.S0, where the

efficiency was 0.79. At a settlement of 0.20 d the efficiencies had increased to

between 1.00 and 1.02 for three of the groups, except for PC12_1.50, which was only

0.84 and PC16_1.75which failed to converge to this point.

~ Numerical/centrifuge comparison

With the exception of the efficiencies at a settlement of 0.02 d (an average efficiency

difference of 0.16, where the centrifuge tests had significantly higher values), each of

the other stages of settlement are very comparable. At 0.05 d, the average variation is

0.08, with the centrifuge tests generally showing higher efficiencies; the comparison at
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0.10 d shows a discrepancy of just 0.05 between efficiencies. The average difference at

0.20 d is even less, just 0.03 separates the efficiency measured in the centrifuge tests

from that obtained by this method of numerical analysis.

8.2.3 Central soil settlement

Of the four groups that reached 100 mm of pile settlement, the degree of central soil

settlement is shown below. Also shown are the group efficiencies from the third

method of analysis at a group settlement of 0.20 d {with centrifuge data preceding

numerical data}:

• PS16_2.00

• PC14_1.75

• PS20_1.75

• PC12_1.S0

central soil = 0 mm

central soil = 50 mm

central soil = 70 mm

central soil = 80 mm

efficiency = 1.00 / 1.00

efficiency = 1.00 / 1.02

efficiency = 1.09 / 1.01

efficiency = 0.90/ 0.84

These results suggest that moderate settlement of the central soil (greater than 0 mm,

but less than 80 mm), which indicates a block type failure mechanism, is associated

with pile groups displaying higher efficiencies, although there is not enough evidence

to substantiate the proposal at this stage. It also suggests that if the depression of the

central soil is too great then this has a detrimental effect on the group efficiency,

although this may only be the case for groups with pile spacing less than 1.7S d. The

group PS16_2.00 displays no movement of the central soil, indicating that the piles

behave independently, and this is supported by the result of an efficiency of 1.00, as

shown in both the centrifuge and the numerical modelling. It should be noted that in

the centrifuge group PS20_1.75 shows a very high 'favourable' efficiency, and it is

possible this is caused by experimental error, rather than showing a trend. The load vs

settlement curves for these groups are shown in Figures 8.03 to 8.06; plotted as

OtesJOcale [per pile] vs settlement, where Cltest is the capacity per pile obtained in the

centrifuge/numerical analysis, and Ocale is the calculated capacity of a single pile based

on Skempton's equation {Equation 2.1}. The intention was to strip away the

differences between test methods and allow pure comparison. This method of
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presenting the results takes into account the differences in the Su and a profiles of the

two methods of modelling.

The load vs settlement curves for PS20_1.75 and PC12_1.50 show generally good

agreement and similar form, although the centrifuge shows a higher peak beyond a

settlement of 0.10 d. The curves for PS16_2.00/PCl6_2.00 show a similar end shape

but a different initial stiffness, which may be a direct result of the difference in group

shape and indicating that a circular arrangement is stiffer. The curve for PCl4_l.7S

shows excellent agreement between the two methods of modelling.

Each of the three groups that showed settlement of the central soil in the numerical

modelling failed as a block in the centrifuge. A further worthwhile comparison is that

the numerical group PSl6_2.00 showed no central soil depression, and the circular

arrangement of this group (PCl6_2.00) that was tested in the centrifuge showed no

signs of block failure either.

8.3 Target groups

8.3.1 Introduction

Five target groups were analysed and were selected on the basis of results from the

centrifuge tests. As a result, the range of group size was relatively narrow. Three

groups were circular groups and four groups were arranged at a pile spacing of 2.0 d.

One group did not reach a settlement of 0.20 d before the soil elements at the base of

the piles over-distorted and the model could not converge. Capacities and efficiencies

are summarised in Table 8.02, and presented as they were for the perimeter groups.

8.3.2 Efficiency comparison

All five target groups had been tested in the centrifuge, allowing a good comparison

between the two modelling methods. However, slightly anomalous centrifuge results

were obtained for group TC14_1.75 relative to the others and it has been excluded

from the following efficiency analysis. In addition, TS16 2.00 was tested three times in

the centrifuge, but one result (from test 5b, softer soil) was noticeably different from
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the other two at higher settlements and is also excluded with an average of the other

two tests used in the analysis.

The following paragraph compares the results from the group analyses, normalised

against the capacity of a single pile at a settlement of 0.10 d. When compared at a

settlement of 0.02 d, the resulting efficiencies are rather different, as was the case for

the perimeter groups, and the average discrepancy is very similar, approximately 0.17,

with the centrifuge results always higher than the numerical results. The discrepancy

reduces to about 0.09 by a settlement of 0.05 d. At a settlement of 0.10 d the two

modelling methods give more similar results, with an average difference of just 0.07.

At a settlement of 0.20 d the difference further reduces to 0.04.

8.3.3 Central soil settlement

Of the four groups that reached 100 mm of pile settlement, the degree of central soil

settlement is shown below. Also shown are the group efficiencies from the third

method of analysis at a group settlement of 0.20 d (with centrifuge data preceding

numerical data):

• TC14_1.75

• TC16_2.00

• TS16_2.00

• TS20_2.00

central soil = 80 mm

central soil = 50 mm

central soil = 60 mm

central soil = 20 mm

efficiency = 0.94 / 0.95

efficiency = 1.12 / 1.09

efficiency = 1.08 / 1.06

efficiency = 1.10/ 1.02

As was the case for the perimeter groups, these results suggest that groups that

develop a moderate settlement of the central soil (which can now be refined to about

20 to 70 mm) often have the highest efficiencies. The load vs settlement curves for the

target groups are shown in Figures 8.07 to 8.10, which are plotted in the same way as

the perimeter group graphs. Groups TC16_2.00, TC14_1.75 and TS20_2.00 all show

good correlation between test methods. Group TS16_2.00 also shows good correlation

with test 4c, but only moderate correlation with test 4b and 5b.

Group TC14_1.75 failed as a block in the centrifuge. Groups TC16_2.00 and TS20_2.00

failed as individual piles, although it is possible that some settlement of the central soil
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may have taken place within these groups, especially TC16_2.00, without a visible

shear plane forming. Group TS16_2.00 was tested three times and failed once as a

block and twice as individual piles. Group TC16_2.00 and TS20_2.00 were both part of

test 4c, where the average s, was 61 kPa and the s, range was just 6 kPa; one of the

TS16_2.00 groups that failed as individual piles was also in this test. Had the soil been

softer or the s, range been greater it is likely that block failure would have occurred.

On a basic level, both modelling methods show that the smaller the area of the group,

the more the central soil settles, which is logical. This point will be expanded upon in

Section S.5with the introduction of alternative soil profiles.

8.3.4 Perimeter and target group comparison

Two groups were analysed as perimeter and target groups and can be summarised as

follows (as per previous formats):

• PC14_1.75

• TC14_1.75

• PS16_2.00

• TS16_2.00

central soil = 50 mm

central soil = SOmm

central soil = 0 mm

central soil = 60 mm

efficiency = 1.00/ 1.02

efficiency = 0.94/ 0.95

efficiency = 1.00/ 1.00

efficiency = 1.08/ 1.06

For the group of fourteen piles spaced at 1.75 d, the addition of the central pile

gradually leads to a reduction in efficiency, which increases with larger settlements

(see Table 8.03), although there is little difference up until 0.20 d. The central pile also

increases the extent to which the central soil settles with the piles. For the group of

sixteen piles spaced at 2.0 d, the addition of the central pile leads to an increase in

efficiency, which is pronounced at all stages of settlement, but reduces slightly with

increasing settlement. The central pile causes the central soil to settle with the piles,

whereas the soil had not moved at all in the equivalent perimeter group. In summary,

the central pile causes different effects depending on the group geometry. Results

indicate that target groups can have higher efficiencies at bigger spacings (2.0 d) than

in perimeter groups, but lower efficiencies at smaller spacings (1.75 d). The numerical

modelling reveals how the central pile can have an effect on dragging down the central
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soil for a square group of 16 piles and 2.0 d spacing. The results are shown in Figures

8.11 and 8.12.

As discussed previously, one significant difference between modelling techniques is

the way the numerical analyses model the shear surface. Figure 8.12 (inset) shows

TS16_2.00, which illustrates the effect of the central pile in dragging down the central

soil and the lack of sliding between soil element interfaces. This consequence may

have been less pronounced if modelled with a finer mesh, but its effect on mobilisation

of shear stress is thought to be minimal. [NB: the displayed scale does not apply to the

inset, which is shown for illustrative purposes only. The vertical scale of the inset is

exaggerated by a factor of five].

8.4 Grid groups

8.4.1 Introduction

Four grid groups were analysed and the main intention was to allow a good

comparison, not only with centrifuge results, but also with results published by other

Authors. Three groups consisted of 25 piles, at a pile spacing of 1.5, 2.0 and 3.0 d; the

fourth group was a grid of 16 piles spaced at 2.0 d. Group GS25_3.00 did not fully

converge and therefore no data are available at a settlement of 0.20 d. A summary of

the comparison is given in Table 8.04 (in the same way as for perimeter and target

groups) and load vs settlement curves are shown in Figures 8.13 and 8.14.

8.4.2 Efficiencycomparison

As for perimeter and target groups, this method of comparison, whereby the groups

are normalised by the capacity of a single pile at a settlement of 0.10 d, provided the

best similarity between modelling methods. The results were slightly different at

0.02 d, with a disparity of 0.08. The strongest similarities were at settlements of 0.05 d

and 0.10 d, where the difference was just 0.02 and so the modelling methods show a

very good likeness.
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8.4.3 Central soil settlement

All three groups that reached 100 mm of pile settlement showed that the central soil

also settled by 100 mm. Group GS25_3.00 appeared as if the central soil was settling

by less than the piles and would not have settled the full 100 mm had the model fully

converged.

The two groups with piles spaced at 2.0 d had been tested in the centrifuge and

GS25_2.00 was tested twice. Group GS16_2.00 failed as a block; group GS25_2.00

failed once as a block and once as individual piles. The occasion where block failure did

not occur, the group was in an unusually strong clay sample, with average Suof 65 kPa,

compared to the global group average of 53 kPa. This is an important point that is

investigated in more detail in the following section.

8.5 Varying soil strength

Soil profile B (SPa), soil profile C (spc) and soil profile C2 (SPC2)were tested for

comparison against SpA.to make further use of the numerical modelling; not just to

affirm centrifuge results but to make predictions beyond. In general terms, SPais

double the strength of SPAand spc is half the strength of SPA(refer back to Figure 8.01).

Soil profile SPC2is similar to spc, but also has reduced soil stiffness, to the same

proportion of the reduced soil strength. The soil profiles are summarised as follows:

• SPA 0-5m: s, = 30 kPa, a. = 0.84, sua.= 25

5-10 m: s, = 50 kPa, a. = 0.68, sua.= 34

10-30 m: s, = 60 kPa, a. = 0.60, sua.= 36

• SPB O-Sm: s, = 60 kPa, a. = 0.60, sua.= 36

5-10m: s, = 100 kPa, a. = 0.49, Sua.= 49

10-30m: s, = 120 kPa, a. = 0.43, sua.= 52

• spc 0-5m: s, = 15 kPa, a. = 1.13, sua.= 17

5-10m: Su = 25 kPa, a. = 0.96, sua.= 24

10-30 m: s, = 30 kPa, a. = 0.84, sua.= 25
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The values of Suwere simply calculated as either double (sPa)or half (spc)the s, values

from SPA.This meant that the top section of SPahad the same s, as the bottom section

of SPA,thus the same a value. The sua value was also 36 therefore. The sua value for

the top section of SPAwas 25, and 36 is a 1.44 proportion of this value. A 1.44

multiplication factor was used to calculate the remaining sua values, and thus, the a

values. It is important to note that the a values could not be calculated from the same

equation as previously done, and it was stated in Section 6.3.4 that it was only

considered appropriate to apply the linear equation over the original narrow range of

clay representing a firm consistency. The calculation of spcwas done in much the same

way, only this time the bottom section of SPewas the same as the top section of SPA

and the multiplication factor of 1.44 became a reduction factor. In the case of SPe2,the

soil stiffness was reduced from 50 to 25 MPa in all three soil sections.

Four groups were tested in soil profile SPa,which can be compared directly with SPA,

these are: P520_1.75, TC14_1.75, T516_2.oo and G525_2.oo. The latter two groups

listed were done to help make sense of the different behaviour and failure modes that

were witnessed in the centrifuge tests. The other two groups were tested because

they had shown considerable central soil settlement in soil profile SPA(without having

fully settled with the piles) and there was interest in what effect the stronger soil

would have on such groups.

Efficiency comparisons were carried out at the customary stages of settlement, using

the single pile capacity of 0.10 d, as it was shown to be successful in previous

comparisons. The data discussed in this paragraph is shown in Table 8.05. At lower

levels of settlement (0.02 d and 0.05 d) there is little difference between the two soil

profiles; this is also true at 0.10 d, with the exception of G525_2.00, where the

efficiency climbs to 0.98, compared to 0.71 in SPA.This indicates that for GS25_2.00, at

a settlement of 0.10 d, an efficiency increase of 0.27 is obtained in a soil of double

strength. There are moderately higher differences in all four groups at a settlement of

0.20 d, where the pile groups in soil profile sPashow higher efficiencies than SPA.The

least difference is 0.13, for P520_1.75, followed by 0.16 for T516 2.00 and 0.21 for

TC14_1.75. The most notable difference is group GS25_2.00, where the efficiency is

1.17, an increase of 0.39 from the efficiency found for SPA.
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The stronger soil causes a reduction in central soil settlement for all groups,

summarised as follows (where pile settlement was 100 mm):

• G525_2.00

• TC14_1.75

• P520_1.75

• T516_2.00

SPA = 100 mm

SPA= 80 mm

SPA = 70 mm

SPA= 50 mm

sps = 80 mm

sPa= 0 mm

sPa= 0 mm

SPa = 0 mm

Only group G525_2.00 was tested with soil profile spc and SPC2. The impact was quite

pronounced at a settlement of 0.02 d, where the difference in efficiency was 0.13; an

efficiency of 0.37 for spc, falling to 0.25 for SPC2. The difference is negligible for all

other stages of settlement. The result is what might be expected since, as previously

discussed, the simple Mohr-Coulomb model does not predict well at small strains. The

outcome also suggests that the stiffer soil does cause groups to have a higher

efficiency at lower levels of settlement, which is likely to be because strength is

mobilised more rapidly as the loads are transferred through the soil at smaller shear

strains.

8.6 Varying 1/d ratio

To further advance the centrifuge work, it was decided it would be of value to test pile

groups with a different lid ratio. The standard lId ratio was 50, and the modified lId

ratio would be 100; this was chosen partly for the ease of assessment, but also to

allow a comparison with Cannon Place, where the lId is approximately 100. The piles

were kept the same length (15 m) but were reduced in diameter from 300 mm to

150 mm. The data discussed in the following paragraph is given in Table 8.06.

Efficiency comparisons were carried out in the same way to previous numerical

analyses and emphasis is placed on the results of the method that uses the single pile

capacity of 0.10 d. Three groups were tested: PS20_1.75, T516_2.00 and G525_2.00,

but unfortunately only PS20_1.75 fully converged to provide a total solution. In each

case, the result was compared to the standard groups, where the piles have an lid

ratio of 50. For all groups, the efficiency is lower for the slender piles at settlements of

0.02 and 0.05 d. At 0.10 d, the slender piles have a higher efficiency for groups

111



Numerical Analysis and Comparison

P520 1.75 and G525 2.00, but lower for T516 2.00. At 0.20 d, the efficiency of the- - _
slender piles is higher for every group. The efficiency exceeds 1.00 quite significantly;

for PS20_1.7S the value increases to 1.19 (from 1.01 for standard piles) and for

T516_2.00 the value increases to 1.12 (from 1.06 for standard piles), whilst the

efficiency of the grid group increases from 0.78 to 0.88. Also, in each case, the slender

piles cause less central soil settlement; the reduction is by approximately half. In

previous comparison, the efficiency at 0.10 d single pile settlement, compared with

0.10 and 0.20 d group settlement provided the best similarities. In summary, the

slender piles have lower efficiencies at lower levels of settlement and they have higher

efficiencies at higher levels of settlement, although this is not universally true, as it is

partially dependent on group geometry.

8.7 Soilstresses and movements

8.7.1 Introduction

In order to make comparisons regarding the soil stresses and movements in the most

effective way possible, two models have been considered. Group P520_1.75 has been

analysed both in soil profile A (SPA)and soil profile B (sPa).The reasons for this were

that, not only was the group tested in the centrifuge as well, but the differing soil

profiles caused different failure mechanisms, which was likely to lead to an interesting

comparison. Group P520_1.7Sfails as a block in SPAand fails as individual piles in sPa.

The variables under analysis are the vertical stress (533), the horizontal stress (522),

the vertical displacement (U3) and the horizontal displacement (U2l. The horizontal

variables (522 and U2) are analysed along three vertical paths on the y-axis; one path is

inside the group and two are outside, as shown by the green lines in Figure 8.15. The

diagram is a sketch of the y-plane of the mesh and shows an approximate location of

the pile. The vertical variables (533 and U3) are analysed along the following three

horizontal paths; 2 m (near pile top), 8 m (near pile middle) and 16 m (beneath pile

toe), as shown by the purple lines in Figure 8.15. The data are taken from the following

stages of pile settlement: 0.01, 0.02, 0.05, 0.10 and 0.20 d.
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8.7.2 Soil stresses

To calculate and assessthe changes in vertical stress, the magnitude of stress at the

defined stages of settlement has been recorded and was then plotted as a proportion

of the initial geostatic stress. All lines plotted in Figure 8.16 are taken from the results

at a settlement of 0.20 d only. The x-axis is the distance from the centre of the group,

out towards the model boundary; the right-hand y-axis is the depth of the path

through the model; and the left-hand y-axis is the measured stress divided by the

initial stress, with three individual axes for each depth considered within the model. As

a consequence, values that plot higher than 1 on the y-axis represent an increase in

stress (relative to the initial in-situ stress) as displacement proceeds, and values that

plot lower than 1 represent a decrease in stress. The location of the nearest pile is also

marked on the graphs.

The three sets of lines show the results of PS20_1.75 at the three specified depths

within the model and where the lines represent a path from the centre of the group

along a line of x = 0, y = 0 to 15 (15 m is the width of the model) and z = constant. The

results from SPA are shown in blue and results from SPB are shown in red. At z = 2 m,

there is a reduction in stress in both SPA and SPB, although the reduction in SPA is more

pronounced close to the pile. At z = 8 m, there is an increase in stress in SPA and no

changes in stress in SPB. Finally, at z = 16 m, there is an increase in stress in both soil

profiles, but the increase is distributed more evenly in SPA, whereas the increase is

more highly concentrated beneath the pile toe in SPB. Figures 8.17 and 8.18 show how

these lines change as pile settlement progresses, from 0.01 d to 0.20 d for SPA and SPB

respectively. It is interesting to observe that the patterns appear to be a reflection of

one another; the 'peak' reduction in stress shown at z = 2 m in SPA, is mirrored by the

'peak' increase in stress shown at z = 16 m in SPB. The main difference in this pattern,

as noted previously, is at z = 8 m where there is an increase in stress in SPA and no

increase in SPB.

A similar illustration of results for the horizontal stresses is shown in Figure 8.19. The y-

axis shows the depth of the model; the top x-axis is the distance from the centre of the

group, with paths at 0.5 m, 1.5 m and 2.5 m; the bottom x-axis shows the recorded
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stress as a proportion of the initial stress, with each path having a separate axis.

Stresseswithin the top 5 m are markedly different between soil profiles and the stress

in SPB is significantly higher. However, it should be noted that results are exaggerated

since they are displayed as a proportion of the initial stress, which is very low near the

surface of the soil and so a stress several times higher is not necessarily a high stress in

absolute terms. The path at a distance of 1.5 m outwards from the centre of the group

(i.e. just on the outside of the pile group) shows that the stresses at a depth of

approximately 2 m decrease in SPA, whereas in spsstresses at this level have increased

and this is the principle difference between the soil profiles. As may be expected, just

below the horizon of the pile toe, horizontal stresses have increased. However, for SPB,

there is a region just above the toe of the piles where the stresses appear to have

decreased, particularly just on the outside of the group. Figure 8.20 shows how the

horizontal stresses in SPA develop and show a general increase with time for each of

the three vertical paths, below about 5 m depth. This is least pronounced for the path

furthest from the piles. In sps, the stresses between 5 and 10 m go almost unchanged

(Figure 8.21).

8.7.3 Soilmovements

The vertical soil movements from the numerical modelling are shown in Figure 8.22.

The path profiles are the same as those in the measurement of the vertical stresses, at

depths of 2 m, 8 m and 16 m from the soil surface. The results are clear; in SPA, the

vertical settlement is significant, in the order of 40 mm, and hence the group has failed

as a block. In SPB, the vertical settlement is much less, only a few millimetres difference

between the soil level on the inside and outside of the group, and so the group failed

as individual piles. Beneath the piles the vertical settlement is much less for SPA, 10 to

15 mm, but has a similar magnitude from SPB as was observed within the pile group.

The development of central soil settlement for SPA is shown in Figure 8.23, where the

soil settlement is plotted at increasing stages of pile settlement. It can be seen that it is

somewhere between 0.02 and 0.05 d where the block mechanism begins to develop.

The horizontal soil movements from the numerical modelling are shown in Figure 8.24.

The path profiles are the same as those in the measurements of the horizontal
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stresses, at distances of 0.5 m, 1.5 m and 2.5 m from the centre of the group. The main

observable pattern is that the horizontal movements are greater in SPA and the soil

moves outwards, away from the pile group, except from at the top of the piles, where

the soil can be seen to be moving inwards. The path at 1.5 m in SPA is thought to have

suffered numerical instabilities, which has given it a pronounced wavy shape.

From observations made during the centrifuge testing, it appeared that groups which

failed via the block mechanism suffered significant displacement of soil. for example,

with reference back to figure 5.21, it is clear that approximately 8 mm of soil has

'disappeared' from the centre of the group (scaled from the 5 mm pile). The test is a

quick undrained test and therefore no volume change can occur, and the only logical

explanation is that the soil which has been pushed down in the centre redistributes

other soil resulting in an increase in the overall soil level outside the groups. This can

be observed, to some extent, in figure 8.22. This clay level change is not clearly

observable in the centrifuge tests since the redistribution is over a large area and

would only raise the overall height of the clay surface by a fraction of a millimetre. A

diagram of these hypothesised mechanisms of movement and associated stresses are

shown in figure 8.25.

8.8 Design considerations

In order to make the research more relevant for practical design purposes, it would be

preferable to define failure conditions of capacity and settlement for each of the

groups. However, design criteria will differ from project to project and since the

research has not incorporated full scale site tests, the allocation of specitlc values will

not be attempted. In addition, each design will have differences regarding settlement

tolerances and design parameters so specific guidance would not prove productive.

Efficiency vs settlement curves from centrifuge and numerical modelling are shown in

figures 8.26 and 8.27. The non-linear zone has been highlighted and the mid-point of

this zone is suggested as a reasonable value for Oult. The non-linear zone is wider for

the centrifuge modelling and this is likely to be a more realistic response (since the

numerical modelling is known to represent this section of the curve with less realism).
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Interestingly, the mid-point of the non-linear zone is at almost exactly the same place

for both sets of results, at 0.10 d, and this was the point where results showed best

correlation, as demonstrated in earlier sections. It can also be observed that the curves

have a similar order for both modelling methods. For example, GS25_2.00 has the

lowest efficiency and groups TS16_2.00 and TC16_2.00 have the highest efficiencies.

In summary, if a simple single pile design is completed, using the traditional Skempton

equation, then once this capacity has been multiplied by the number of piles in the

group, these curves can be used to determine the approximate efficiency of the group

and what reduction factor, if any, needs to be applied. Of course, this is in addition to

the factor of safety that needs to be applied.

8.9 Comparison with Cannon Place

As stated in the initial introduction to this research, any extrapolation and comparison

between the centrifuge tests and Cannon Place is done for interest and illustrative

purposes only. This is because the relationship between the centrifuge models and the

full scale 'prototype' at Cannon Place is not directly comparable.

As discussed in Section 6.7.2, a traditional Sx5 grid group has achieved 69 % of its peak

capacity at a settlement of 0.05 d, but at 0.02 d this reduces to just 45 %. Similarly, a

perimeter group has achieved 79 % of its peak capacity at 0.05 d and only 58 % of its

peak capacity at 0.02 d settlement. On completion and handover of Cannon Place in

September 2011, the monitoring showed a maximum settlement of approximately

4 mm, which corresponds to about 1.3 % of the 305 mm pile diameter. Therefore, it

may be said that the pile groups at Cannon Place, under full load, are below 58 % of

their peak capacity, which would fit well inside the required factors of safety. It could

also be said that a traditional grid group, at this same stage, would be below 45 % of its

peak capacity and it could therefore be argued that such a pile arrangement would be

less efficient, since larger settlements are required to mobilise a given percentage of

the peak capacity and the inclusion of central piles in a grid arrangement are, in effect,

wasted.
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The numerical modelling enabled testing of higher soil strengths and higher lid ratios,

akin to those at Cannon Place, allowing an extended and more enlightened

comparison to be made. The following analyses refer to Tables 8.05 and 8.06. Since the

settlements at Cannon Place were very small, the 'staged single pile capacity'

comparison gives the most representative efficiencies.

Group PS20_1.75 was tested as part of the numerical modelling, and can be

considered very similar to a number of the groups at Cannon Place, which have 18 or

22 piles and are spaced at 1.64 d. At low settlements of 0.02 and 0.05 d, the results

show that the stronger soil has a slightly lower efficiency. It is only from a settlement

of 0.10 d onwards that the efficiency increases and exceeds that of the softer soil. For

the staged single pile capacity comparison (top section of Table 8.05) the efficiencies at

a settlement of 0.02 dare 0.88 and 0.83 for the softer and stronger soils respectively;

these values increase to 0.91 and 0.94 respectively, at settlements of 0.10 d.

The effect of a higher lid ratio is similar to the effect of a stronger soil. At a low

settlement of 0.02 d, the efficiency of the high lId group is lower than the low lId

group. At settlements of 0.10 d and beyond the efficiency of the high lId group is

higher. For the staged single pile capacity comparison the efficiencies at a settlement

of 0.02 dare 0.88 and 0.86 for the low and high lId groups respectively; these values

increase to 0.92 and 0.97 respectively, at settlements of 0.10 d.

The coupled effect of a high lId ratio and a stronger soil indicate that the pile groups at

Cannon Place, which have seen very low measured settlements, may have fractionally

lower efficiencies than postulated from the results of the centrifuge tests.
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9 Discussion

9.1 Capacity and efficiency

The grid groups proved to be the most inefficient type of the group, and the group of

25 piles was less efficient than the group of 16 piles. This is perhaps not surprising

when it is considered that in the group of 25 piles, nine of the piles are 'central piles'

and 16 are 'outside piles'. For the group of 16 piles, four are 'central piles' and 12 are

'outside piles'. Put another way, the group of 25 piles is less efficient because 36 % of

the piles are central, whereas only 25 % of the piles are central in the group of 16 piles.

Findings from the centrifuge and numerical modelling show a combination of

agreement and deviation. Importantly, the peak capacity of a single pile was calculated

to be very similar for both methods of analysis. Unfortunately it had not been possible

in the centrifuge tests to measure in reliable detail the full load vs settlement response

of a single pile, whereas a full response did come out of the numerical analysis. Hence,

it was necessary to find the best capacity to use to normalise the data, to calculate

efficiencies, and in doing so provide comparison between groups. It was found that

using the capacity of a single pile at a settlement of 0.10 d in the numerical results

gave a good comparison between the centrifuge and the numerical results.

Comparison with the peak capacity of a single pile from the numerical modelling, as

was done for the centrifuge results, was less successful.

The three methods of comparison showed similar outcomes for perimeter, target and

grid groups, with the efficiencies well compared when correlated with the capacity of a

single pile at a settlement of 0.10 d. Target groups generally showed higher efficiencies

than perimeter groups. The highest efficiencies were for target groups with piles

spaced at 2.0 d. For perimeter groups, the lowest efficiencies were seen at a pile

spacing of 1.5 d and the highest efficiencies were at a pile spacing of 1.75 d; these

highest efficiencies were accompanied by moderate settlement of the central soil (50

to 70 mm). However, it should be remembered than these observations are partly a

function of the groups that were tested.
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9.2 Failure mechanism and central soil settlement

Approximately fifty percent of the pile groups tested in the centrifuge failed via the

block mechanism. Groups that failed via the block mechanism generally, but not

always, had lower efficiencies. Measurements of the central soil were particularly

useful for movements that were not easy to see, and in a number of examples this

methodology showed that the central soil had settled relative to the soil outside the

group, which would have otherwise gone undetected.

It is suggested that limitations of numerical modelling prevent the prediction of group

efficiencies of significantly greater than unity, since a true shear surface cannot

develop even when there is substantial settlement of the central soil. The soil model

will not allow development of a shear surface and full shear stress mobilisation

because the soil elements will not slide relative to each other. The load vs settlement

curves show good agreement between methods. Some groups (PS20_1.75 and

PC12_1.SO) are capable of mobilising additional load in the centrifuge (compared with

numerical results) beyond pile settlements of 20 mm (prototype scale), which is likely

to be attributable to the beneficial development of clay-clay shear.

Perimeter groups with pile spacing greater than 2.0 d did not show block failure, but

the addition of a central pile can lead to failure mechanism change. However, where

pile spacing is less than 2.0 d, the central pile causes a reduction in efficiency. Both

methods show a transition from individual failure to block failure can occur for both

perimeter and target groups.

The settlement of the central soil shows correlation between test methods, but

accurate measurements within the centrifuge tests have not always been possible. It is

probable that there is a point in the settlement of the central soil, as shown for the

numerical modelling, which corresponds to a change in failure mechanism in the

centrifuge modelling. For these standard test groups this is equivalent to about 0.20 d

(60 mm at equivalent prototype scale), although the value is dependent on soil

strength and lId ratio, as well as the s, range. It is believed that these characteristics

govern the ability of the soil to develop block failure. If the soil strength is high, the soil
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will shear less easily, and if the lid ratio is high the group will less easily mobilise as a

unit. This occurs because the longer the pile, the lower the development of shear

strains towards the base of the pile, resulting in reduced mobilisation of shear stress

and a greater contrast in shear stress mobilisation over the length of the pile. A high Su

range allows the softer central core of soil at the top to 'stretch', then to shear with

relatively high displacements, and 'react' against the stiffer soil below, as displayed in

Figure 8.25. At lower settlements there is little difference between pile groups tested

in different soil profiles. At higher settlements, the stronger soil generates higher

efficiencies accompanied by reduced central soil settlement. The effect is the same for

slender piles, also generating higher efficiencies.

The Res value was shown to be significant in earlier chapters and is considered

important in determining the failure mechanism of a pile group. Table 9.01 shows Res

values for the groups that were tested successfully (for groups of 12 or more piles and

up to a spacing of 3.0 d) and suggests that for the perimeter and target groups there is

a division between mechanisms of failure at an Res value of between 5.0 and 5.3. In

other words, each unit area of pile can 'support' approximately five unit areas of soil in

failing via the block mechanism. Where the unit area of soil exceeds about five times

that of the unit area of a pile, then the piles are much more likely to fail individually.

9.3 Soil stresses and soil movements

Near the top of the pile, there is a reduction in vertical stress in both SPA and SPB. Close

to the middle of the pile, there is an increase in stress in SPA and no change in stress in

SPa, and below the pile, there is an increase in stress in both soil profiles. The patterns

appear to be a reflection of one another; the 'peak' reduction in stress at the top of

the pile in SPAt is mirrored by the 'peak' increase in stress at the base of the pile in SPB.

This decreased stress in SPA is compensated by the increase in stress over the mid

section of the pile.

Horizontal stresses over the top section of the piles are markedly different between

soil profiles. The principal difference is that just outside the pile group, the stresses at

about 2 m depth decrease in SPA, whereas in SPB stresses at this level have increased
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significantly. At the pile toe the horizontal stresses have increased. Horizontal stresses

in SPA develop and increase as the pile load (and settlement) increases over most of

the mid section of the pile, whereas in SPB, the stresses over this range go almost

unchanged.

The soil movements confirm what was already observed concerning the failure

mechanism. In SPA, the vertical central soil settlement is significant and the group

failed as a block; in SPB, the vertical soil settlement is much less and the group failed as

individual piles. The horizontal movements were greater in SPA and the soil moved

outwards, away from the pile group, except at the top of the piles, where the soil was

calculated to move inwards.
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10 Conclusions and Further Work

10.1 Conclusions

10.1.1 Failure mechanism

Of the 16 perimeter groups under analysis, eight failed via the block mechanism and

these groups generally, but not always, had lower efficiencies. It was unusual to

observe that the group TS16_2.00, which was tested three times, failed twice as

individual piles and once as a block. Group GS25_2.00 was also tested twice and

showed contrasting mechanisms of failure. This variable behaviour is an indication of

the sensitivity of the conditions and that very slight changes can be the difference

between one type of failure mechanism and the other.

The behaviour is broadly dependent on the spacing and the number of piles, and thus,

the diameter of the group. There is a point, a critical spacing, where the spacing is too

large for the group to fail as a block, no matter how small the diameter of the group.

At the same time, there is a critical group diameter, and when exceeded, no matter

how close the spacing, it will not fail as a block. Of course, these two critical factors are

inter-related and therefore they do not each have a specific single value, because both

properties are dependent on the other, over a particular range. They also vary for

different soil strength profiles, lid ratios, and whether or not a central pile has been

installed. General changes in behavioural trends are summarised in Figure 10.01,

which also indicates that pile spacing has a greater sensitivity than the number of piles

in a group. The trends are from broad observations of perimeter (and target) groups.

The central soil monitoring was particularly useful for measuring movements that were

not easy to see and assessing groups that showed 'block effect' failure. For example,

groups PC20_2.00 and TC14_2.00 did not show any visible central soil settlement, but

careful measurements showed that the central soil had settled relative to the soil

outside the group.
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10.1.2 Failure path

The p analysis (first discussed in Section 6.5.7) revealed that all 11 of the circular

perimeter groups that failed as blocks showed a range of calculated p values between

52 and 69°. Of the five groups that did not fail as blocks, two groups suggested that for

the calculated capacity to correspond with the centrifuge capacity, the p value would

have to equal 77 and 78 0, for groups PC14_2.00 and PC20_2.00 respectively. It is

strongly believed that both these groups showed signs of central soil settlement and

'block effect' failure, indicating these failure angles are on the cusp of block failure. For

the remaining three groups no p value could be calculated, which verifies that the

groups must have failed purely as individual piles.

10.1.3 Efficiency

Eight perimeter groups had a low efficiency and six of these have a pile spacing of less

than 2.0 d. The three groups with favourable efficiencies have very similar cross

sectional ratios and efficiencies, yet the number of piles is different as is the pile

spacing, and more crucially, the failure mechanism.

Of the 12 target groups under analysis, three groups had a favourable efficiency, and

four groups had high efficiencies. Unlike the perimeter groups, there is a less clear

distinction between the properties of the target groups that share similar efficiencies.

All that can be concluded is that the target groups generally have favourable or high

efficiencies where they fail individually (five out of seven cases) and they generally

have low or normal efficiencies where they fail as a block (four out of five cases).

The results reported by other Authors' testing grid groups within soft clay correspond

well with each other, and Barden and Monckton (1970) also report results for stiff clay.

It would be reasonable to argue that had Barden and Monckton tested a firm clay, they

probably would have observed an efficiency of about 0.8, which would fit very well

with the results in firm clay from these model tests for group GS2S_2.00, but only at

higher settlements.
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With these points in mind, general trends of 11vs s have been plotted in Figure 10.02,

for perimeter, target and grid groups. All group types converge towards an efficiency

of unity beyond a pile spacing of approximately 3.0 d. For grid groups; as the spacing

decreases, so does the efficiency. Results from perimeter and target groups have

shown that the efficiency can be greater than unity, for certain arrangements, which

peaks between at pile spacing of approximately 1.75 and 2.0 d.

10.1.4 Central pile

In one observed case, PS16_2.00!TS16_2.00, the addition of the central pile was the

difference between the group failing individually and failing as a block. However, in a

repeat test, TS16_2.00 also failed individually and so the observation is deemed

inconclusive. Five other groups with the same number of perimeter piles and the same

spacing were also tested as both perimeter and target groups and showed no

difference in failure mechanism. It appears that the central pile has a positive effect on

groups where piles are spaced at 2.0 d, which may be caused by the central pile

'binding' the group together engaging the central soil, thus inducing a higher capacity.

The same effect causes a reduction in capacity at a spacing of 1.75 d, where the central

pile is no longer beneficial.

10.1.5 Capacity

As an average of all perimeter groups, it was found that at 0.02 d settlement, 58 % of

the peak capacity had been reached; at 0.05 d settlement, 79 % of the peak capacity

had been reached; at 0.10 d settlement 93 % had been reached; and at 0.20 d

settlement the capacity was 98 % of the peak capacity. At practical limits of

settlement, such as 0.10 d, the grid groups have achieved only 84 % of their peak

capacity, compared to the perimeter groups, which have attained about 10 % more.

However, in practical terms, it is unlikely that a pile group would be deslgned such that

these levels of settlement would be tolerated.

10.1.6 Stiffness

The circular perimeter groups exhibiting the least stiff responses and therefore the

slowest rate of build up of load are generally those where the piles are most closely
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spaced (PC1S_1.SO,PC12_1.SOand PC12_1.25). This effect is more prominent in bigger

groups. Group GS16_2.00 showed a stiffer response than either of the grid groups of

25 piles. In the case of the square perimeter groups, the pattern of load vs settlement

is less clear. Groups that undergo block failure, which is often coincident with closely

spaced piles, show less stiff responses. This is because the increased clay-clay

component requires higher displacement for shear stress mobilisation.

10.1.7 Shear strength

From multiple tests it was observed that groups TS16_2.00 and GS25_2.00 failed both

as a block and as individual piles, and so it would appear that these groups are on the

very cusp of possible failure mechanisms. It is believed that a narrow s, range can be

the defining factor between the very different types of behaviour. Block failure

mechanisms are more likely where there is a broad s, range over the length of the pile.

A significant change in soil consistencv means the softer section at the top experiences

comparatively higher strains than the soil further down, and this contrast makes the

top section more susceptible to shearing. A high overall s, also appears to make block

failure less likely.

10.1.8 Group shape

There is only one perimeter group and one target group arrangement where it is

possible to compare directly the influence of group shape and both results indicate it is

more efficient to utilise circular groups. It would be expected that a circular group is

favourable in comparison to square groups where the load distribution is likely to be

unequal, particularly for the corner piles. Also, the area of soil encompassed by the

piles is greater for circular groups, than the comparative square groups.

10.1.9 Final comparison

Three groups have been compared, all of which occupy the same outer area:

GS25_2.00, PS16_2.00 and T516_2.00. The findings suggest the greatest capacity can

be achieved from the GS25_2.00, but this is only true at higher levels of settlement

and so does not necessarily make it a 'better' group. The calculated "efficient pile

equivalent" shows that if group TS16_2.00 was chosen over GS25_2.00, eight fewer
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piles would need to be installed (17 from 25) but there would only be a loss of capacity

equivalent to that of three piles at a settlement of 20 % d. This revelation is even more

pronounced at lower settlements; at a settlement of 0.02 d, the capacity of each of

these groups is exactly the same (equivalent to 9 fully efficient piles) and the capacity

is also exactly the same at a settlement of 0.05 d, but again, TS16_2.00 is comprised of

eight fewer piles than GS25_2.00. The perimeter group shows similar results to the

target group, although to a lesser degree, perhaps indicating that the central pile is

worth installing.

10.1.10 Summary of main findings

• Block failure mechanism usually leads to low efficiency and a low group

stiffness

• Block failure is very likely where pile spacing is less than 2.0 d

• The same group can show different failure mechanisms, dependent on Su range

• A central pile has little effect on failure mechanism but can generate higher

group efficiency at a pile spacing of 2.0 d

• Circular groups are generally more efficient than square groups

• Perimeter groups with favourable efficiencies have similar Res values

• Perimeter and target groups are stiffer than grid groups:

o At lower settlements (0.02 and 0.05 d), perimeter groups achieve a

notably higher proportion of their peak capacity than grid groups

o At lower settlements, a target group of 17 piles has the same capacity

as a grid group of 25 piles

10.2 Further Work

The research has been successful in solving a number of issues, but there are several

questions that still require answers. Some of these questions were always there, but

outside the scope of the research, and some have been raised as a result of the work

undertaken. Within the research that was carried out several variables were not

tested, creating a number of uncertainties, outlined in the following sections.
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10.2.1 Group dimensions

Having not done any experiments with shorter piles, it is not known whether the

phenomena associated with progressive debonding and increased efficiency is linked

to perimeter groups of a particular lId ratio. It is hypothesised that shorter piles, where

lId may only be S 25, that the same patterns of behaviour would not be observed. It is

possible that the pile diameter may affect the behaviour and the response, which

would be interesting to understand. However, in terms of the practical 'prototype'

implications, these pile groups would generally be intended for small diameter piles I
minipiles I micropiles and so, to a certain extent, the variation with pile diameter is

made somewhat redundant. Only circular and square groups were fully tested as part

of this research. It would be interesting to learn if different shaped groups behave in a

similar way. However, it is likely that for the majority of practical applications, the pile

groups will be of circular or square geometry, thus making this variable more

pertaining to curious interest rather than practical applications.

10.2.2 Soil properties

Generally speaking, the undrained shear strength of the clay was kept consistent, with

the exception of test 5b, which it was intentionally reduced to approximately two

thirds of the normal strength. This single variation, along with all the individual

measurements of s, in each of the tests, gave an idea as to how this factor affects the

results. However, it was not tested with enough rigour to enable convincing

conclusions to be drawn. All that can really be said is that the strength of the clay has

an influence over the mechanism, but less impact on the efficiency. It would be

interesting to discover the behaviour of a similar range of pile groups in sand. It is well

documented that traditional grid pile groups installed in loose sand can gain efficiency

greater than unity; similarly, that pile groups in dense sand will suffer an efficiency

lower than unity, but it is not known what may happen in the case of perimeter and

target groups. Additionally, it would be of interest to discover any behavioural

differences if the pile groups were installed in london Clay, to allow better comparison

with Cannon Place.
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10.2.3 Modelling

There is a small amount of uncertainty concerning the effect of the wall and base

boundaries of the strongbox. It is known that the boundaries are at sufficient distance

that the effect would be minimal, but even so, it has not been quantified as part of this

work. In addition, the effect of interaction between pile groups is another issue, which

has not been solved. It would be necessary to run a series of tests with the pile groups

at various distances and pile spacing to try and quantify this effect. A range of other

factors will have influenced the results, and the way in which they are affected is, to

some extent, unknown since the factors were kept the same in every test. Firstly, the

installation technique aimed to mimic a bored pile, but there are two implications with

this (1) the clay recovery was usually about 60 %, implying the pile was to some extent

a displacement pile; (2) it is not known what would have happened if the piles were

driven. Secondly, it was decided to load the pile groups at a particular rate of

displacement, but of course it is unknown what would have resulted had a different

rate been chosen. As commented upon in Section 6.3.2, it may have proved beneficial

to have commissioned loading apparatus capable of loading the groups completely

independently.

In short, because this is brand new type of pile group, it was not possible to test every

variable, so there are still several unknowns that require further research for a more

complete understanding.

10.2.4 Other investigations

~ Pile strain gauges

It would have been desirable to have instrumented the piles with strain gauges to gain

an understanding into the loads carried by each pile and how this varies with depth.

This addition would have possibly culminated in the confirmation of the 'progressive

debonding' phenomenon and its contribution to the efficiencies of greater than unity.

This is considered to be one of the most important aspects of future work.

~ Basecapacity
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Conclusions and Further Work

The potential contribution of the 'whole group' base capacity remains unknown. In

caseswhere block failure or block effect failure occurred, it is possible that there may

be some additional base capacity beyond that of the individual piles. For this to be

discovered, a device would have to be installed at the base of the groups to monitor

changes in the stress or strain of the soil.

~ Load distribution

It can be assumed that the load distribution is equally shared amongst all piles in a

circular group, but the same cannot be said for piles within a square group. A

supplementary study would be necessary to investigate the distribution of load within

square perimeter and target groups. Some work has already been completed in this

area, but a comparison would be required for perimeter groups.

~ Field tests

It is of great benefit to have comparison between the centrifuge modelling and

numerical modelling, however, there is no replacement for real field testing. Of course,

the prototype, Cannon Place is a useful source of additional data, but unfortunately

the groups were not monitored in a way in which would allow much valuable

comparison. This is principally because the modelling considered the failure condition,

and of course Cannon Placedid not.
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parameter range centrifuge numerical
single ./ ./

line ./
geometry perimeter ./ ./

target (with central pile) ./ ./
grid ./ ./
circle ./ ./

shape square ./ ./
triangle ./

number of piles 1- 25 ./ ./
pile spacing 1.00 - 4.00 d (approx.) ./ ./

soft ./ ./
soil strength firm ./ ./

stiff ./
50 ./ ./I/d ratio
100 ./

Table 1.01 Properties under investigation

parameter range centrifuge numerical
single ./ ./
line ./

geometry perimeter ./ ./
target (with central pile) ./ ./

grid ./ ./
circle ./ ./

shape square ./ ./
triangl~ ./

number of piles 1- 25 ./ ./
pile spacing 1.00 - 4.00 d (approx.) ./ ./

soft ./ ./
soil strength firm ./ ./

stiff ./
50 ./ ./I/d ratio
100 ./

Table 3.01 Cannon Place perimeter group summary
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property equivalent prototype scaling factor model

unit weight of pile* 25 kN/m3 (concrete) 1:1 27 kN/m3 (aluminium)

unit weight of soil 18 kN/m3 1:1 18 kN/m3

pile length (in soil) 15 m l:Ng 0.25m
pile diameter 300mm l:Ng Smm

single pile capacity (approx.) 540 kN 1:1/Ng2 0.15 kN

time to displace pile 0.10 d 5 days (120 hrs) 1:1/Ng2 120 s

time to displace pile 0.02 d 1 day (24 hrs) 1:1/Ng2 24 s

stress at pile toe 2700 kN/m2 1:1 2700 kN/m2

*there is a difference between these properties, although it is so small it can be considered negligible

Table 4.01 Scaling relationships for test dimensions

day activity
1 pour clay slurry, increase pressure to 25 kPa
2
3

4 morning: increase pressure to 50 kPa
afternoon: increase pressure to 100 kPa

5 increase pressure to 250 kPa
6 increase pressure to 500 kPa
7 (500 kPa)
8 (500 kPa)
9
10

11 morning: reduce pressure to 250 kPa
afternoon: insert PPTs(x4)

12 remove sample from press, make model,
place in centrifuge and accelerate

13 (wait for pore pressure equilibrium)
14 centrifuge test

Table 5.01 Two-week testing cycle
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r-r-

1 2 3 4*test no. --'-date 07-Aug-09 20-Aug-09 03-Sell-09 OS-Nov-09
test test la test Ib test 1e test Id

phase 1 c:i 29 LL05 2.00 LL05 1.75 LL05 2.00 Sxlc
30 LL05 2.50 LL05 2.25 LL05 2.50 LL05_2.25Qi

u
31 LLOS3.00 LLOS 2.75 LL05 3.00 Sx3

'0
!1l

.2 32 LL05 1.50 LL05 1.25 LL05 1.50 Sxl_
test no. S* I 6* 7* 8 9r--.---- - -" -date 24-Sep:09 OS-Oct-09 22-0ct-09 03-0ec-09 17-0ec-09
test test 2a test 2b test 2e test 2d test 2ephase 2 c 29 PS12 2.00 PCl6 2.00 POO 2.00 PS16 2.00 PC14_2.00c

30 PT12 2.00 PCl8 2.00 PS20 2.00 PC08 2.00 PT18_2.00Qi
u

31 - - - - -'0
!1l

.2 32 PC12 2.00 PS08 2.00 PT09 2.00 PSl8 2.00 PSlO 2.00

test no. 10 11 12 13"- --I-date lS-Mar-10 29-~-lO 13-May-10 10-Jun-10
test test 3a test 3b test 3e test 3d

phase 3 ci 29 LL05 1.25 PS20 2.00 LL05 2.50 LL05_2.75(A)c
30 LL05_2.00 PCW_2.00 Sx2 LL05_1.00Qi

u
31 LL05_2.75 - SX2{A) LL05 1.75

'0
!1l

LL05_2.2S
.2 32 Sx2 PC16 2.00 LL05 2.25{A)

test no. 14 l 1S 16 17 18date 24-Jun-10 lS-Jul-10 29-Jul-1O 12-Aug-l0 26-Aug-l0test test 4a test 4b test 4e test 4d test 4e29 PSl4 2.00 TSl6 2.00 -phase 4 ci TC16_2.00 TRl6 200 TC14_1.75c
30 GS25_2.00 PC12_1.25 -Qi TS16_2.00 Sx2 LL05_2.00u

-'0 31 - - Sx2 LL05 2.00 TCl2_2.00!1l

- -_ r- ---.2 32 PC12_1.25 G013_2.00 TS20 2.00 TC12_2.00 TC12_2.2S-=_ '-_ --
test no. 19 j 20 21 22 23date 21-Apr-U ...!. 06-May-ll 16-Jun'1l Ol-Jul-ll 04-Aug-lltest test Sa test Sb test Se test Sd test Se

GS25 2.00- - _
r--phase 5 ci 29 PS08_ 4.00 TC18_1.S0 Sx2 PC16 1.75c -Qi 30 TC14 2.00 Sx2 TC16 1.75 PS20_1.75 PC18_1.S0u --- ___

'0 31 GS16_2.00 TCl2 2.00 Sx2 PC14 1.75 PC20_2.00
!1l

.2 - _ -32 Sx2 TS16 2.00 PS20_1.~ PC12 1.50 PC12_3.00 J
__

Table 6.01 Centrifuge testing programme
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test l test ld
29 Sx1
30
31 Sx3
32 Sx1-

phase 1 s, average (kPa) 50
su top (kPa) 48
s, toe (kPa) 54

s, range (kPa) 6
Qtest [single pile] (kN) 0.146
Clea!c [single pile] (kN) 0.143L

test T test 3a test 3c

29
30 Sx2
31 Sx2(A)
32 Sx2

phase 3 s., average (kPa) 47 49
s, top (kPa) 36 40
s, toe (kPa) 58 61
s, range (kPa) 22 21

-
Qtest [single pile] (kN) 0.157 0.140
Clea!c [single pile] (kN) 0.141 0.144

test ,I test4c

29
30
31 Sx2

-
32

phase 4 s, average (kPa) 61
Sutop (kPa) 56
s, toe (kPa) 62

s, range (kPa) 6 -
Qtest [single pile] (kN) 0.151--
Clea!c [single pile] (kN) 0.152-

...
test test Sa test Sb test Sc test Sd

29 I S)(2-- I- - r-":

t30 Sx2
- - ."f-31 Sx2-- .-~

32 Sx2 I

-- - f-

1phase 5 s, average (kPa) 53 33 50 53- r-- - -
su top (kPa) 40 27 38 40 i- l- f-
s., toe (kPa) 63 36 52 63

-f-
Surange (kPa) __ 23 9 14

\
23

\

-
Qtest [single pile]~ 0.152 L0.113 0.142 0.151
Clea!c [single pile] (kN) L_9.148 0.113 t 0.143 0.148~

Table 6.02 Single pile test summary
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number test group number test group
1 2b PS08_2.00 20 4e LLOS_2.00
2 2e PC14_2.00 21 4e l'CU_2.00
3 2e PSlO_2.00 22 4e
4 3a LLOS_1.2S 23 Sa
5 3a LLOS_2.00 24 Sa
6 3a LLOS_2.7S 25 Sa
7 3b PC10_2.00 26 Sb
8 3b PC16_2.00 27 Sb
9 3c LLOS_2.S0 28 Sb
10 3d LLOS_l.OO 29 Sc
11 3d 30 Sc
12 4a 31 Sc PS20_l.SO
13 4a 32 Sd PS20_1.7S
14 4b 33 Sd PC14_l.75
15 4b 34 Sd PC12_l.50
16 4c 35 5e PC16_l.75
17 4c 36 Se PC18_l.SO
18 4c 37 Se PC20_2.0019 4e 38 5e PC12_3.00

linear
7

perimeter
16

Table 6.03 Successful group test summary
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test test 3a test 3c test 3d
29 LL05 1.25 LL05 2.50

-
30 LL05 2.00 (LL05 1.00)

___c_

31 LL05 2.75 LL05_1.75 -
32

phase 3 -
Su average (kPa) 47 49 49

-
Su top (kPa) 36 40 42 -
s, toe (kPa) 58 61 61-

Su range (kPa) 22 21 19
-t-r- -

Ocalc [single pile) (kN) 0.141 0.144 0.144- -

test test 4e
29
30 LL05_2.00
31
32

phase 4 s, average (kPa) 50
Su top (kPa) 36
Su toe (kPa) 62

Su range (kPa) 26
Ocalc [single pile) (kN) 0.144

-

Table 6.04 Linear group test summary
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test test 2b test 2e--_
29 PC14_2.00
30

31
I-

32 PS08 2.00 ..L.i PS10 2.00
phase 2 [-

s, average (kPa) 53 58
Su top (kPa) 39 52
s, toe (kPa) 62 65

s, range (kPa) 23 13
Qalc [single pile] (kN) 0.148 0.153

test test 3b
29

30 PClO 2.00
31

32 PC16 2.00
phase 3

Su average (kPa) 63
Su top (kPa) 67
Su toe (kPa) 67

Su range (kPa) 0
Q.,c [single pile] (kN) 0.153

test test4a test4b
29

30 PC12 1.25
31

-32 PC12 1.25
phase 4

s, average (kPa) 65 54- -s, top (kPa) 61 43 -s, toe (kPa) 74 63 -Su range (kPa) 13 20
Qalc [single pile) (kN) 0.156 0.149 -

test 5e
PC16_1.75

PC18_1.S0

PC20_2.00

PC12_3.00phase 5
53

1
47

40 34

63 59
23 14 23 I 25

0.148 0.143 0.148 0.141

Table 6.05 Perimeter group test summary
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PC10_2.00 1040 1330 1420 1420 1420 0.68 0.87 0.93 0.93 0.93 73% 94% 100% 100%
PC16_2.00 1440 2096 2320 2448 2448 0.59 0.86 0.95 1.00 1.00 59% 86% 95% 100%
PC12_1.25 888 1284 1500 1476 1500 0.47 0.69 0.80 0.79 0.80 59% 86% 100% 98%
PC12_1.25 936 1248 1476 1524 1524 0.52 0.70 0.83 0.85 0.85 61% 82% 97% 100%
PSOS.....OO 968 944 1144 1192 1200 0.82 0.80 0.97 1.01 1.01 81% 79% 95% 99%
PS20 .. 1.SO 1060 1760 2320 2460 2740 0.37 0.62 0.81 0.86 0.96 39% 64% 85% 90%
PS~ ...1.75 1500 2220 2780 3240 3260 0.51 0.75 0.94 1.09 1.10 46% 68% 85% 99%
PC14_1.75 1078 1526 1862 2030 2058 0.52 0.74 0.90 0.98 0.99 52% 74% 90% 99%
PC12_1.50 815 1176 1476 1596 1596 0.46 0.66 0.83 0.90 0.90 51% 74% 92% 100%
PC16_1.75 1296 1856 2272 2448 2464 0.57 0.82 1.01 1.09 1.09 53% 75% 92% 99%
PC18_1.50 954 1548 2034 2412 2430 0.38 0.61 0.80 0.95 0.96 39% 64% 84% 99%
PC20_2.00 1560 2300 2620 2860 2860 0.55 0.82 0.93 1.01 1.01 55% 80% 92% 100%
PC12_3.00 1224 1752 1944 1932 1944 0.72 1.04 1.15 1.14 1.15 63% 90% 100% 99%

Sa 53

50

53

53

53

5

5

C

C

C

C

C

C

5c

5d

5d

5d

5e 47

47

47

5e

5e

5e 47

Table 6.06

58% 79% 93% 98%

Perimeter group data

averages
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~-
-r ttest test 4b test 4c test 4e

29 tS16~ T(16 2.00 T(14 1.7..L,_
30 li;1' TS16 2.00
31 T(12_2_00
32 • TS202.00 TC12 2.25phase 4 --

Su average (kPa) 54 61 50
s, top (kPa) 43 56 36._
s, toe (kPa) 63 62 62

-s, range (kPa) 20 6 26
-

o"alc [single pile] (kN) 0.149 0.152 0.144

test I test Sa test 5b test Sc
29 T(18 1.50
30 TC14 2.00 T(16 1.75 ._
31 TC12 2.00

~:'( -32
phase 5 - -

Su average (kPa) 53 33 50-s, top (kPa) 40 27 38-s, toe (kPa) 63 36 52--Su range (kPa) 23 9 14-~- -o"alc [single pile] (kN) 0.148 0.113 0.143
L.

Table 6.10 Target group test summary
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III 111-
III.. tID tID III ~ III :a:aQ. III III III C III - 111- tID - 'iilz oX III 111-

.a III Q. ... .. III o III C III ~ ~ liNe C '0:I Q. .!!! u 1ft C -
0 E III III III ~ ... ~ III~ 'iii .!!! a: .~~.. 1: .c 'a III ... >oX "oX "oX :is = = E
tID :I 1ft Q. III - Ift- ,,- e» .!! ~- uS-C 1ft

" 1ft
1ft III

1516_2.00 14 T S 17 2 4b 54 63 20 149 (Y) 1600 4.8 18.7

TC16_2.00 16 T C 17 2 4c 61 62 6 152 N 2037 6.1 19.0-
1516_2.00 17 T S 17 2 4c 61 62 6 152 (N) 1600 4.8 18.0

1_rs20_2.00 18 T 5 21 2 4c 61 62 6 152 N 2500 6.1 23.1

TC14_1.75 19 T C 15 1.75 4e 50 62 26 144 Y 1194 4.1 14.2

TC12_2.00 21 T C 13 2 4e 50 62 26 144 Y 1146 4.5 13.6

TC12_2.25 22 T C 13 2.25 4e 50 62 26 144 N 1450 5.7 14.0

TC14_2.00 24 T C 15 2 Sa 53 63 23 148 N 1560 5.3 17.7

TC12 2.0~ 27 T C 13 2 5b 34 36 9 113 Y 1146 4.5 12.7
Ii- -

..lS.16 2.00. 28 T 5 17 2 5b 34 36 9 113 (N) 1600 4.8 16.8

TC18_1.50 29 T C 19 1.5 5c 50 52 14 143 Y 1450 3.9 18.9

TC16 1.75 30 T C 17 1.75 5c 50 52 14 143 Y 1560 4.7 15.9

ou ou ~ ou ~ ou~ ou ~ e - - - -ou ou ou .x ouoX ouoX ouoX ouoX
Q. N III Sl 0 III oX C N II III II C II 2 III:I 0 C N B. S .~ ~ .~a~ 2-8 II CII C! t C! B. "'! t0 ci ci ci ci B.~

.t..
0 o~ o~ ci~ co co co col1li 0 0 0 0 0 0 0 0

1'516_2~ 1615 2244 2550 2788 3196 0.64 0.89 1.01 1.10 1.26 51% 70% 80% 87%

TCl6 2.00 1547 2295 2737 2890 2924 0.60 0.89 1.06 1.12 1.13 53% 78% 94% 99%.,...
TS16_2.oo 1037 2074 2635 2737 2737 0.40 0.80 1.02 1.06 1.06 38% 76% 96% 100%

TS2O_~,OO_ 1722 2520 3045 3507 3507 0.54 0.79 0.95 1.10 1.10 49% 72% 87% 100%

TC14_1.75 870 1350 1740 2040 2085 0.40 0.63 0.81 0.94 0.97 42% 65% 83% 98%

TC12_2.00 1014 1378 1703 1963 1989 0.54 0.74 0.91 1.05 1.06 51% 69% 86% 99%

TCl2_2.25 1001 1417 1768 2015 2054 0.53 0.76 0.94 1.08 1.10 49% 69% 86% 98%

TC14_2.00 1230 1965 2430 2625 2685 0.55 0.89 1.09 1.18 1.21 46% 73% 91% 98%

TC12 2.00 988 1196 1339 1430 1482 0.67 0.81 0.91 0.97 1.01 67% 81% 90% 96%

1'516_1.00_ 1139 1479 1751 1904 1904 0.59 0.77 0.91 0.99 0.99 60% 78% 92% 100%

TCl8_1.50 1064 1805 2261 2698 2698 0.39 0.66 0.83 0.99 0.99 39% 67% 84% 100%

TCl6 1.75 1343 1921 2244 2278 2720 0.55 0.79 0.92 0.94 1.12 49% 71% 83% 84%

49% 73% 88% 97%

averages

Table 6.11 Target group data
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G

G

G

X.
I'll.c
III

26

s
s
s

III

.!!
'is.

25

25

16

25

till
C'u
I'lla.
III

2

2

2

4a 65

53

34

13

23

9

.!!-tIIIZ
C -'iii QIa=i

5b

156

148

113

(N) 1600

900

1600

21.0

15.6

20.4

y

m-:a "'e:: e0-
III

y

3.3

2.9

3.3

12

QIa.
l:

5a

74

63

36

QI

till -C I'll
I'll a.... ~,,-
III

GS25_2.oo

G516_2.oo

GS25 2.00

"0 "0 "0 "0 it "0 ~ "O~ "O~
it ....... ....... ....... .......

a. .¥ "0 "O~ -O.¥ "O.¥ "O.¥
N &1'1 CI CI I'll C .¥ C N I'll &1'1 I'll CI I'll CI I'll~ CI CI ... N QI S~ In QI ~ .!l 2 .!l I'll QI ~l ~l "'! l "! l0 c:i c:i c:i c:i a. CI"U l~... a ole °li c:iii ole CIa CIa CIa CIatill a a a a QI QI a a a a

G525_2.00 1150 2000 2700 3275 3525 0.29 0.51 0.69 0.84 0.90 33% 57% 77% 93%

G516_2.00 1296 1824 2128 2304 2320 0.55 0.77 0.90 0.97 0.98 56% 79% 92% 99%

G525_2.00 1125 1700 2000 2300 2350 0040 0.60 0.71 0.81 0.83 48% 72% 85% 98%

45% 69% 84% 97%

averages

Table 6.13 Grid group data



capacity (N)

soil area settlement
group test piles

(mm2
)

0.02d 0.05 d O.lOd 0.20 d

PS08_2.00 2b 8 400 656 888 1088 1192

P508_4.00 Sa 8 1600 968 944 1144 1192

PS20_1.75 5d 20 1914 1500 2220 2780 3240

TS16_2.00 4b 17 1600 1615 2244 2550 2788

TS16_2.00 4c 17 1600 1037 2074 2635 2737

TS16_2.00 5b 17 1600 1139 1479 1751 1904

GS25_2.00 4a 25 1600 1150 2000 2700 3275

G525 2.00 5b 25 1600 1125 1700 2000 2300

PS16_2.00 ~ 16 1600

TS16_2.00 ~ 17 1600

GS25 2.00 ~ 25 1600

efficiency efficient pile equivalent (no.)

settlement
group QO.02 d QO.05d QO.10 d QO.20d

I Qpeak I Qpeak I Q peak I Qpeak 0.02 d 0.05d O.lOd 0.20d

PS08_2.00 0.55 0.75 0.92 1.01 4 6 7 8
PSOB_4.00 0.82 0.80 0.97 1.01 7 6 8 8
PS20_1.75 0.51 0.75 0.94 1.09 10 15 19 22
T516_2.00 0.64 0.89 1.01 1.10 11 15 17 19
T516_2.00 0.40 0.80 1.02 1.06 7 14 17 18
T516_2.00 0.59 0.77 0.91 0.99 10 13 15 17
G525_2.00 0.29 0.51 0.69 0.84 7 13 17 21

G525 2.00 0.40 0.60 0.71 0.81 10 15 18 20

PS16_2.00 0.63 0.77 0.94 1.04 10 12 15 17
TS16_2.00 0.54 0.82 0.98 1.05 9 14 17 18
GS25 2.00 0.35 0.56 0.70 0.83 9 14 18 21

averages

Table 6.14 Comparison group data



standard higher lower
low

soil
lId ratio soli soil

strength tested in
group profile

=100 strength strength
& centrifuge?

(SPA)
(sPA-1OO) (SPB) (spd

stiffness
(SPel)

single ./ ./ ./ ./ ./ ./

GS25_1.50 ./

GS25_2.00 ./ ./ ./ ./ ./ ./

GS25_3.00 ./

GS16_2.00 ./ ./

PC14_1.75 ./ ./

PC16_1.75 ./ ./

PC18_1.75 ./

PC20_1.75 ./

PS16_2.00 ./

PC12_1.50 ./ ./

PS20_1.75 ./ ./ ./ ./

TC14_1.75 ./ ./ ./

TC14_2.00 ./ ./

TC16_2.00 ./ ./

TS16_2.00 ./ ./ ./ ./

TS20 2.00 ./

Table 7.01 Numerical testing summary



group reference
modelling capacity at stages of settlement (N)
method 0.02d O.OSd O.IOd 0.20 d

single_spA numerical 197 363 464 518
PC14_175d_spA numerical 175 345 426 474
PC16_175d_spA numerical 176 342 424 dnf
PC18_175d_spA numerical 175 341 426 dnf
PC20_175d_spA numerical 175 342 428 dnf
PS16_200d_spA numerical 148 305 408 462
PC12_150d_spA numerical 175 316 368 389
PS20 175d spA numerical 174 343 425 469

group reference
modelling efficiency
method 0.02d O.OSd O.IOd 0.20d

PC14_175d_spA numerical 0.89 0.95 0.92 0.92
PC16_175d_spA numerical 0.89 0.94 0.91 dnf
P520_175d_spA numerical 0.88 0.94 0.92 0.91
PC12_150d_spA numerical 0.89 0.87 0.79 0.75
PS16 200d spA numerical 0.75 0.84 0.88 0.89

staged single pile capacity

group reference
modelling efficiency
method 0.02d O.OSd O.IOd O.20d

PC14_175d_spA numerical 0.33 0.64 0.79 0.88
PC14_1.75 centrifuge 0.59 0.86 0.95 1.00

PC16_175d_spA numerical 0.33 0.64 0.79 dnf
PC16_1.75 centrifuge 0.57 0.82 1.01 1.09

PS20_175d_spA numerical 0.32 0.64 0.79 0.87
PS20_1.75 centrifuge 0.51 0.75 0.94 1.09

PC12_150d_spA numerical 0.33 0.59 0.68 0.72
PC12_1.50 centrifuge 0.46 0.66 0.83 0.90

PS16_200d_spA numerical 0.28 0.57 0.76 0.86
PC16 2.00 centrifuge 0.59 0.86 0.95 1.00

peak single pile capacity

group reference
modelling efficiency
method O.02d O.OSd O.IOd O.20d

PC14_175d_spA numerical 0.38 0.74 0.92 1.02
PC14_1.75 centrifuge 0.59 0.86 0.95 1.00

PC16_175d_spA numerical 0.38 0.74 0.91 dnf
PC16_1.75 centrifuge 0.57 0.82 l.01 1.09

PS20_175d_spA numerical 0.38 0.74 0.92 1.01
PS20_1.75 centrifuge 0.51 0.75 0.94 l.09

PC12_150d_spA numerical 0.38 0.68 0.79 0.84
PC12_l.50 centrifuge 0.46 0.66 0.83 0.90

PS16_200d_spA numerical 0.32 0.66 0.88 1.00
PC16 2.00 centrifuge 0.59 0.86 0.95 1.00

0.10 d single pile capacity (numerical)..*dnf = did not finish

Table 8.01 Perimeter group efficiency comparison



group reference modelling capacity at stages of settlement (N)
method 0.02d O.OSd O.IOd 0.20d

single_spA numerical 197 363 464 518
TC14_175d_spA numerical 175 343 416 443
TC14_200d_spA numerical 177 350 439 dnf
TC16_200d_spA numerical 178 355 458 508
TS16_200d_spA numerical 176 356 446 490
TS20 200d spA numerical 171 340 427 475

group reference modelling efficiency
method 0.02d O.Osd O.IOd 0.20d

TC14_175d_spA numerical 0.89 0.94 0.90 0.86
TC14_200d_spA numerical 0.90 0.96 0.95 dnf
TC16_200d_spA numerical 0.90 0.98 0.99 0.98
TS20_200d_spA numerical 0.87 0.94 0.92 0.92
TS16 200d spA numerical 0.89 0.98 0.96 0.95

staged single pile capacity

group reference modelling efficiency
method 0.02d 0.05 d O.IOd 0.20d

TC14_175d_spA numerical 0.33 0.64 0.77 0.82
TC14_1.75 centrifuge 0040 0.63 0.81 0.94

TC14_200d_spA numerical 0.33 0.65 0.82 dnf
TC14_2.00 centrifuge 0.55 0.89 1.09 1.18

TC16_200d_spA numerical 0.33 0.66 0.85 0.94
TC16_2.00 centrifuge 0.60 0.89 1.06 1.12TS20_200d_spA numerical 0.32 0.63 0.79 0.88TS20_2.00 centrifuge 0.54 0.79 0.95 1.10TS16_200d_spA numerical 0.33 0.66 0.83 0.91TS16_2.00 (4b) centrifuge 0.64 0.89 1.01 1.10TS16_2.00 (4c) centrifuge 0.40 0.80 1.02 1.06

TS16 2.00 (5b) centrifuge 0.59 0.77 0.91 0.99
peak single pile capacity

group reference modelling efficiency
method O.02d O.Osd O.IOd O.20dTC14_175d_spA numerical 0.38 0.74 0.90 0.95TC14_1.75 centrifuge 0.40 0.63 0.81 0.94TC14_200d_spA numerical 0.38 0.75 0.95 dnfTC14_2.00 centrifuge 0.55 0.89 1.09 1.18TC16_200d_spA numerical 0.38 0.77 0.99 1.09TC16_2.00 centrifuge 0.60 0.89 1.06 1.12TS20_200d_spA numerical 0.37 0.73 0.92 1.02TS20_2.00 centrifuge 0.54 0.79 0.95 1.10TS16_200d_spA numerical 0.38 0.77 0.96 1.06TS16_2.00 (4b) centrifuge 0.64 0.89 1.01 1.10TS16_2.00 (4c) centrifuge 0.40 0.80 1.02 1.06TS16 2.00 (5b) centrifuge 0.59 0.77 0.91 0.99

0.10 d single pile capacity (numerical)..*dnf = did not finish

Table 8.02 Target group efficiency comparison



group reference
modelling efficiency
method 0.02d 0.05 d O.IOd 0.20d

PC14_175d_spA numerical 0.89 0.95 0.92 0.92

TC14_175d_spA numerical 0.89 0.94 0.90 0.86

P516_200d_spA numerical 0.75 0.84 0.88 0.89

T516 200d spA numerical 0.89 0.98 0.96 0.95

staged single pile capacity

Table 8.03 Perimeter/target efficiency comparison

group reference
modelling capacity at stages of settlement (N)
method 0.02d O.OSd O.IOd 0.20d

single_spA numerical 197 363 464 518
G525_150d_spA numerical 128 211 250 275
G525_200d_spA numerical 150 285 330 363
GS25_300d_spA numerical 159 307 384 dnf
GS16 200d spA numerical 169 333 381 412

group reference
modelling efficiency
method O.02d O.05d O.IOd O.20d

GS25_200d_spA numerical 0.76 0.79 0.71 0.70
G516 200d spA numerical 0.86 0.92 0.82 0.80

staged single pile capacity

group. reference
modelling efficiency
method O.02d O.OSd O.IOd O.ZOd

G525_200d_spA numerical 0.28 0.53 0.61 0.67
G525_2.00 centrifuge 0.29 0.51 0.69 0.84
G525_2.00 centrifuge 0.40 0.60 0.71 0.81

G516_200d_spA numerical 0.31 0.62 0.71 0.77
G516 2.00 centrifuge 0.55 0.77 0.90 0.97

peak single pile capacity

group reference
modelling efficiency
method O.OZd O.OSd O.IOd O.lOd

GS25_200d_spA numerical 0.32 0.61 0.71 0.78
GS25_2.00 centrifuge 0.29 0.51 0.69 0.84
G525_2.00 centrifuge 0.40 0.60 0.71 0.81

GS16_200d_spA numerical 0.36 0.72 0.82 0.89
GS16 2.00 centrifuge 0.55 0.77 0.90 0.97

0.10 d single pile capacity (numerical)

Table 8.04 Grid group efficiency comparison



efficiency settlement (mm)
group reference

O.02d O.OSd O.IOd O.20d pile central
soil

GS25_200d_spA 0.76 0.79 0.71 0.70 100 100
GS25_200d_spB 0.77 0.91 0.98 0.97 100 80

sp8-spA 0.01 0.12 0.27 0.27
PS20_175d _ spA 0.88 0.94 0.92 0.91 100 70
PS20_175d_spB 0.83 0.93 0.95 0.94 100 0

sp8-spA -0.05 -0.01 0.03 0.03
TC14_175d_spA 0.89 0.94 0.90 0.86 100 80
TC14_175d_spB 0.85 0.95 0.97 0.96 100 0

spa-spA -0.04 0.01 0.07 0.11
TS16_200d_spA 0.89 0.98 0.96 0.95 100 50
TS16_200d_spB 0.85 0.97 1.00 1.00 100 0

spa-SpA -0.04 -0.01 0.04 0.06
staged single pile capacity

efficiency settlement (mm)group reference
O.02d O.OSd O.lOd O.20d pile central

soli
GS25_200d_spA 0.32 0.61 0.71 0.78 100 100
GS25_200d_spB 0.31 0.68 0.98 1.17 100 80

spa-spA -0.01 0.07 0.27 0.39
PS20_175d_spA 0.38 0.74 0.92 1.01 100 70
PS20_175d_spB 0.34 0.70 0.95 1.14 100 0soe-so» -0.04 -0.04 0.03 0.13
TC14_175d_spA 0.38 0.74 0.90 0.95 100 80
TC14_175d_spB 0.34 0.72 0.97 1.17 100 0

spa-spA -0.03 -0.02 0.07 0.21
TS16_200d_spA 0.38 0.77 0.96 1.06 100 50
TS16_200d_spB 0.34 0.73 1.00 1.22 100 0

spa-spA -0.03 -0.04 0.04 0.16
0.10 d single pile capacity

efficiency settlement (mm)group reference
O.02d O.OSd O.lOd O.20d pile central

soli
GS25_200d_spA 0.32 0.61 0.71 0.78 100 100
GS25_200d_spB 0.31 0.68 0.98 1.17 100 80
GS25_200d_spC 0.37 0.49 0.54 0.59 100 100GS25 200d spC2 0.25 0.47 0.52 0.57 100 100

0.10 d single pile capacity

Table 8.05 Soil profile comparison



group reference
efficiency

O.Old 0.05 d O.lOd O.lOd
PS20_175d_spA 0.88 0.94 0.92 0.91

PS20 175d 100 spA 0.86 0.95 0.97 0.95

TS16_)OOd_spA 0.89 0.98 0.96 0.95

TS16 200d 100 spA 0.82 0.88 0.90 0.89

GS25_200d_spA 0.76 0.79 0.71 0.70

GS25 200d 100 spA 0.76 0.86 0.80 0.70

staged single pile capacity

group reference
efficiency

O.Old O.05d O.lOd O.lOd
PS20_175d_spA 0.32 0.64 0.79 0.87

PS20 175d_100_spA 0.18 0.43 0.67 0.83

TS16_200d_spA 0.33 0.66 0.83 0.91
TS16_200d_100_spA 0.17 0.40 0.63 0.78

GS25_200d_spA 0.28 0.53 0.61 0.67
GS25 200d 100 spA 0.16 0.39 0.56 0.61

peak single pile capacity

group reference
efficiency

O.Old O.OSd O.tOd O.lOd
PS20_175d_spA 0.38 0.74 0.92 1.01

PS20 175d_100_spA 0.25 0.62 0.97 1.19
T516_200d_spA 0.38 0.77 0.96 1.06

TS16 200d_100_spA 0.24 0.57 0.90 1.12
GS25_200d_spA 0.32 0.61 0.71 0.78

GS25_200d_100_spA 0.22 0.56 0.80 0.88

0.10 d single pile capacity

settlement (mm)
group reference

pile central
soli

PS20_175d_spA 100 70
PS20_175d_100_spA 100 40

TS16_200d_spA 100 50
TS16_200d_100_spA 50 0

GS25_200d _spA 100 100
GS25_200d_100_spA 50 40

Table 8.06 I/d ratio comparison



no. of piles spacing
(excl. central)

group 1.25 1.5 1.75 2 2.25 2.5 2.75 3

12 P512 1.5 2.1 2.9 3.8 4.8 6.0 7.2 8.6
16 P516 2.0 2.9 3.9 5.1 6.4 8.0 9.6 11.5
20 P520 2.5 3.6 4.9 6.4 8.1 9.9 12.0 14.3

12 T512 1.3 1.9 2.6 3.4 4.4 5.4 6.6 7.9
16 T516 1.8 2.6 3.6 4.7* 6.0 7.4 9.0 10.7
20 T520 2.3 3.4 4.6 6.0 7.6 9.4 11.4 13.6

16 G516 0.9 1.4 1.9 2.6 3.4 4.2 5.2 6.2
25 G525 1.1 1.7 2.3 3.1/\ 4.0 4.9 6.0 7.2

12 PC12 1.9 2.7 3.7 4.9 6.2 7.6 9.2 10.9
14 PC14 2.2 3.2 4.3 5.7 7.2 8.9 10.7 12.8
16 PC16 2.5 3.6 5.0 6.5 8.2 10.1 12.3 14.6
18 PC18 2.8 4.1 5.6 7.3 9.2 11.4 13.8 16.4
20 PC20 3.2 4.6 6.2 8.1 10.3 12.7 15.3 18.2

12 TC12 1.7 2.4 3.4 4.4 5.6 6.9 8.4 10.0
14 TC14 2.0 2.9 4.0 5.2 6.6 8.2 9.9 11.8
16 TC16 2.3 3.4 4.6 6.0 7.7 9.5 11.5 13.7
18 TC18 2.6 3.8 5.2 6.9 8.7 10.7 13.0 15.5
20 TC20 3.0 4.3 5.9 7.7 9.7 12.0 14.5 17.3

block
individual

Both

* block: s,= 54 kPa; individual:s,= 34 and 61 kPa
1\ block: s,= 33 kPa; individual:s,= 65 kPa

Table 9.01 Relationship between Resvalue and failure mechanism



Figures



Figure 1.01 Perimeter pile group plan view

Figure 1.02 Perimeter pile group 3Dview



plan view.---.--.--.--.--- -- -- --

cross section

Figure 1.03 Failure planes in a bored pile wall (linear group)
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Figure 3.02 Restricted working space [1]

Figure 3.03 Restricted working space [2]



Figure 3.04 Piles installed through casing

Figure 3.05 Excavation to pile cap formation level



Figure 3.06 Cutting down pile heads to formation level

Figure 3.07 Installation of pile cap reinforcement

Figure 3.08 Installation of structural column connection plate



Figure 3.09 Concrete pile cap poured

Figure 3.10 Hole cut through arch to allow placement of column
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Figure 3.12 Load vs settlement: perimeter group monitoring
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Figure 4.01b Gravitational stress in the prototype (after Taylor, 1995)
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Figure 4.03 Calculation of acceleration errors (Taylor, 1995)



Figure 4.04 City University London centrifuge
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Figure 5.01 Cutting the clay surface to the correct height

A B

reference frame actuator loading beam
guides

actuator and
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Figure 5.02 Long section of the experimental apparatus
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Figure 5.04 Plan view and cross section of the pile cap showing location of the

LVDTs and loading point
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Figure 5.06 Consolidation to 500 kPa: settlement vs time



Figure 5.07 Coring the clay (test lb)

Figure 5.08

[note: ruler length = 300 rnrn]

Spoil from clay coring: five cuts per pile (test lc)

Figure 5.09

[note: ruler length = 150 rnrn]

Spoil from clay coring: three cuts per pile (test 3b)



Figure S.10 Pile installation set-up (test 3b)

pile cutter pile

pile guide plate

pile cap holder
reference frame _

grub screw

pile cap

1 2 345
1. Apparatus in place pre pile installation
2. Cutting tube inserted, clay sheared and extracted [NB: this process is completed in stages, so initially
the cutter is only pushed into the top section of clay]
3. Pile bore created
4. Pile inserted
5. Grub screw threaded into the top of the pile cap to provide reaction to the pile during loading

Figure S.11 Pile installation process
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Figure 5.12 Photograph of loading apparatus
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Figure 5.13 Central soil settlement data recording points



Figure 5.14 Model excavation [1] (test 4a)

Figure 5.15 Model excavation [2] (test 5d)



Figure5.16 Pile verticality (test 2d)



Figure 5.17 Completed model prior to testing (test lc)



Figure 5.18 Loading beam and load cell in place above loading point and pile cap

(test 5d)

Figure 5.19 Pile groups in strongbox post test (test 5e)



,.

Figure 5.20 Plan view of TC18_1.S0showing shear surface (test Sc)

Figure 5.21 Crosssectional view of PS20_l.S0 showing shear surface (test Sc)



Figure 5.22 Silicone oil on clay bore (test Lc)

Figure 5.23 Oil prevention techniques: clay bund (test 2b)



Figure 5.24 Oil prevention techniques: brass ring (test 4e)
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Figure 5.25 Actuator malfunction: pile caps forced into clay (test 4d)
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Figure 6.16 Block failure shear surface over top section of PS20_1.S0 (test Sc)

Figure 6.17 Excavated pile groups showing varying degrees of block failure: [a]
shallow, [b] deep, [c] none (test 4b)



Figure 6.18a Early measurement of 'block effect' failure (test 2b)

Figure 6.18b Close up of Figure 6.18a



1

reference
framestrongbox

.'
LVDTclay foot

Figure 6,19 Cross section of central soil measurement apparatus

7

6

•-E 5
... E
c:: -cu ......
E 1: •CU CU 4 •> Eo CUE-

outside pilesIII := outside piles-0 cu
'- III inside pile groupnJ .... 3~-Q.~
::l cu • outside left
nJ >

nJ... cu • middle left0 2... s:-+ A centre--
1

• middle right

• outside right

0
0 25 50 75 100 125 150 175 200

distance from back of strongbox (mm)

Figure 6.20 Central soil settlement measurements of PC20_2.00



strongbox
(BACK)

Figure 6.21 Crosssection of clay level change during centrifuge test

11 11
pile

11 11
pile

_ f--

clay

[a]

'x'd

- - - I-
I--

i1 11 / A. -, i1 1iI
I
I

/ I "
[b)

I

/-- --- -/
'y'd

ill 1 i
[cl

I

)/ )'
'z'd

Figure 6.22 Idealised failure mechanism cross sections: [a] individual failure, [b]

'block effect' failure, [c] block failure



Figure 6.23

... ----....... ............ ..J\)~
\
\
\
\
\

clay-clay shear

clay-pile shear

Distinction between clay-clay shear and clay-pile shear; and definition of



[a]

[b) p = 30

~ = 90
[e]

Figure 6.24 Variation of~: [a] 0°1 [b) 30°1 [c] 90°1 [d) >90°



Figure 6.25 Explanation of P analysis calculation sheets
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Figure 6.27 Photograph of TC16_1.75 showing approximate P angle (test 5c)

Figure 6.28 Photograph of PC18_1.5D showing approximate P angle (test Se)
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Printed using Abaqus/CAE on: Fri Oct 1410:08:34 Eastern Daylight Time 2011

Figure 8.11 Numerical output showing central soil settlement of PS16_2.00
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Figure 8.12 Numerical output showing central soil settlement of TS16_2.00
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Figure 8.22 Vertical soil movements for SPA and sp, at 0.20 d
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Figure 8.23 Vertical soil movement change with settlement (SPA)
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Figure 8.24 Horizontal soil movements for SPA and SPB at 0.20 d
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Figure 8.26 Efficiency vs settlement: centrifuge modelling
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Figure 8.27 Efficiency vs settlement: numerical modelling
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