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Preface to the sixth edition

Two factors are driving the development of modern pile design and construction—the growth
in demand for high-rise buildings and the subsequent requirement for ever-larger piles, fre-
quently in areas with poor subsoils. New piling techniques and powerful piling rigs have
effectively addressed the problems of producing piles to cope with the larger structural
loads, and significant improvements have taken place in understanding the behaviour of
piles. However, despite the advances in analytical and numerical methods using sophisti-
cated computer software which allow theoretical soil mechanics solutions to be applied to
aspects of pile design, much reliance still has to be placed on empirical correlations. The
late Michael Tomlinson was an empiricist committed to the scientific method with extensive
practical knowledge, and these principles and applications are still the backbone of practical
pile design.

A guiding precept in this edition was therefore to keep to the spirit of MJT’s work, retain-
ing a substantial amount of his writings on the technicalities of pile design, particularly the
demonstration of the basic principles using his hand calculation methods and the reviews of
the extensive case studies. However, there are new codified design procedures which have to
be addressed. For example, the formal adoption in Europe of the Eurocodes for structural
design (and ‘load and resistance factor design’ more generally elsewhere) has led to new ways
of assessing design parameters and safety factors. One of the main objectives in this edition
has been to give an overview of the current Eurocode requirements combined with the prac-
ticalities of applying the new suite of British Standards which relate to construction materi-
als and installation procedures. However, compliance with the more systemised Eurocode
rules has not necessitated any significant changes to the well-established procedures for
determining ultimate geotechnical values for routine pile design. For more complex struc-
tures, such as offshore structures and monopiles, the new design methods for driven piles
in clays and sands, developed from the extensive laboratory research and field testing by
Imperial College for example, represent an important practical advance in producing eco-
nomical foundations.

The author wishes to thank David Beadman and Matina Sougle of Byrne Looby Partners
for a review of the reworked examples, Chris Raison of Raison Foster Associates for com-
ments on current Eurocode 7 pile design; Paul Cresswell of Abbey Pynford for his contri-
bution on micropiles; Colin O’Donnell for comments on contractual matters; and Tony
Bracegirdle, David Hight, Hugh St John, Philip Smith and Marina Sideri of Geotechnical
Consulting Group for their reviews, contributions and inputs on many of the topics. Any
remaining errors are the authors.

Many specialist piling companies and manufacturers of piling equipment have kindly
supplied technical information and illustrations of their processes and products. Where
appropriate, the source of this information is given in the text. Thanks are due to the

Xiii
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following for the supply of and permission to use photographs and illustrations from tech-

nical publications and brochures.

Abbey Pynford Foundation Systems Ltd
ABI GmbH
American Society of Civil Engineers

Bachy Soletanche

Ballast Nedam Groep N.V.

Bauer Maschinen GmbH

David Beadman

BSP International Foundations Limited
Building Research Establishment
Roger Bullivant Limited

Canadian Geotechnical Journal

A. Carter
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Seacore Limited Figures 3.7,3.12 and 3.37
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Construction Company
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Foundations
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Stent Foundations Limited Figure 2.32
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Vibro Ménard (Bachy Soletanche Group)  Figure 3.15

John Wiley and Sons Incorporated Figure 4.10

The cover photograph shows two vertical travel box leads, 60 m long, as supplied by
Bermingham Foundation Solutions company to Gulf Intracoastal Constructors, being
erected to drive the 48 m long by 760 mm diameter steel piles for the pumping station at
Belle Chasse, Louisiana. Pile driving was by the B32 diesel hammer (see Table 3.4) for verti-
cal and 3:1 batter piles. With permission of Bermingham Foundation Solutions of Hamilton,
Ontario.

Figure 4.42 is after Figure 4.47 on page 136 of ‘Piling Engineering’ 3rd edition
2009, by Fleming, Weltman, Randolph and Elson, published by Taylor & Francis, with
permission.

Figure 9.25 is published with the permission of the Deep Foundations Institute as origi-
nally published in the DF1 2005 Marine Foundations Speciality Seminar proceedings. Copies
of the full proceedings are available through Deep Foundations Institute, Hawthorne, NJ;
Tel: 973-423-4030; E-mail: dfihg@dfi.org.

Permission to reproduce extracts from British Standards is granted by BSI. British
Standards can be obtained in PDF or hard copy formats from the BSI online shop:
www.bsigroup.com/shop or by contacting BSI Customer Services for hard copies only:
Tel: +44 (0)20 8996 9001, E-mail: cservices@bsigroup.com.

Extracts from AASHTO LRFD Bridge Design Specification, copyright 2010 by the
American Association of State Highway and Transport Officials, Washington, DC, are used
by permission.

Extracts from Australian Standard AS 2159-2009, Piling — Design and installation, are
reproduced with permission from SAI Global Ltd under licence 1311-c073. The standard
may be purchased online at http://www.saiglobal.com.

John C. Woodward
Princes Risborough, United Kingdom
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Preface to the first edition

Piling is both an art and a science. The art lies in selecting the most suitable type of pile
and method of installation for the ground conditions and the form of the loading. Science
enables the engineer to predict the behaviour of the piles once they are in the ground and
subject to loading. This behaviour is influenced profoundly by the method used to install
the piles, and it cannot be predicted solely from the physical properties of the pile and of the
undisturbed soil. A knowledge of the available types of piling and methods of constructing
piled foundations is essential for a thorough understanding of the science of their behav-
iour. For this reason, the author has preceded the chapters dealing with the calculation of
allowable loads on piles and deformation behaviour by descriptions of the many types of
proprietary and non-proprietary piles and the equipment used to install them.

In recent years, substantial progress has been made in developing methods of predicting
the behaviour of piles under lateral loading. This is important in the design of foundations
for deep-water terminals for oil tankers and oil carriers and for offshore platforms for gas
and petroleum production. The problems concerning the lateral loading of piles have there-
fore been given detailed treatment in this book.

The author has been fortunate in being able to draw on the worldwide experience of
George Wimpey and Company Limited, his employers for nearly 30 years, in the design and
construction of piled foundations. He is grateful to the management of Wimpey Laboratories
Ltd. and their parent company for permission to include many examples of their work. In
particular, thanks are due to P. F. Winfield, FIStructE, for his assistance with the calcula-
tions and his help in checking the text and worked examples.

Michael J. Tomlinson

Burton-on-Stather, United Kingdom
1977
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Chapter |

General principles and practices

1. FUNCTION OF PILES

Piles are columnar elements in a foundation which have the function of transferring load
from the superstructure through weak compressible strata or through water onto stiffer
or more compact and less-compressible soils or onto rocks. They may be required to carry
uplift loads when used to support tall structures subjected to overturning forces — from
winds or waves. Piles used in marine structures are subjected to lateral loads from the
impact of berthing ships and from waves. Combinations of vertical and horizontal loads
are carried where piles are used to support retaining walls, bridge piers and abutments and
machinery foundations.

1.2 HISTORY

The driving of bearing piles to support structures is one of the earliest examples of the art
and science of the civil engineer. In Britain, there are numerous examples of timber piling in
bridgeworks and riverside settlements constructed by the Romans. In mediaeval times, piles
of oak and alder were used in the foundations of the great monasteries constructed in the
fenlands of East Anglia. In China, timber piling was used by the bridge builders of the Han
Dynasty (200 BC to AD 200). The carrying capacity of timber piles is limited by the girth of
the natural timbers and the ability of the material to withstand driving by hammer without
suffering damage due to splitting or splintering. Thus, primitive rules must have been estab-
lished in the earliest days of piling by which the allowable load on a pile was determined
from its resistance to driving by a hammer of known weight and with a known height of
drop. Knowledge was also accumulated regarding the durability of piles of different species
of wood, and measures were taken to prevent decay by charring the timber or by building
masonry rafts on pile heads cut off below water level.

Timber, because of its strength combined with lightness, durability and ease of cut-
ting and handling, remained the only material used for piling until comparatively recent
times. It was replaced by concrete and steel only because these newer materials could be
fabricated into units that were capable of sustaining compressive, bending and tensile
forces far beyond the capacity of a timber pile of like dimensions. Concrete, in particular,
was adaptable to in situ forms of construction which facilitated the installation of piled
foundations in drilled holes in situations where noise, vibration and ground heave had to
be avoided.

Reinforced concrete, which was developed as a structural medium in the late nineteenth
and early twentieth centuries, largely replaced timber for high-capacity piling for works
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on land. It could be precast in various structural forms to suit the imposed loading and
ground conditions, and its durability was satisfactory for most soil and immersion condi-
tions. The partial replacement of driven precast concrete piles by numerous forms of cast-
in-place piles has been due more to the development of highly efficient machines for drilling
pile boreholes of large diameter and great depth in a wide range of soil and rock conditions,
than to any deficiency in the performance of the precast concrete element.

Steel has been used to an increasing extent for piling due to its ease of fabrication and
handling and its ability to withstand hard driving. Problems of corrosion in marine struc-
tures have been overcome by the introduction of durable coatings and cathodic protection.

1.3 CALCULATIONS OF LOAD-CARRYING CAPACITY

While materials for piles can be precisely specified, and their fabrication and installation
can be controlled to conform to strict specification and code of practice requirements, the
calculation of their load-carrying capacity is a complex matter which at the present time is
based partly on theoretical concepts derived from the sciences of soil and rock mechanics
but mainly on empirical methods based on experience. Practice in calculating the ultimate
resistance of piles based on the principles of soil mechanics differs greatly from the applica-
tion of these principles to shallow spread foundations. In the latter case, the entire area of
soil supporting the foundation is exposed and can be inspected and sampled to ensure that
its bearing characteristics conform to those deduced from the results of exploratory bore-
holes and soil tests. Provided that the correct constructional techniques are used, the distur-
bance to the soil is limited to a depth of only a few centimetres below the excavation level
for a spread foundation. Virtually, the whole mass of soil influenced by the bearing pressure
remains undisturbed and unaffected by the constructional operations (Figure 1.1a). Thus,
the safety factor against general shear failure of the spread foundation and its settlement
under the design applied load (also referred to as the working load) can be predicted from
knowledge of the physical characteristics of the ‘undisturbed’ soil with a degree of certainty
which depends only on the complexity of the soil stratification.

Zone of Q Soil displaced
disturbed soil by entry of pile

Applied pressure g

Square foundation

Zone of sheared
soil close to pile

Vertical stress
on soil = ¢/10

Undisturbed soil

Zone of
ruptured soil

Bulb of pressure
for friction pile

Bulb of
pressure

(@) (b)

Figure I.I Comparison of pressure distribution and soil disturbance beneath spread and piled foundations:
(a) spread foundation; (b) single pile.



General principles and practices 3

The conditions which govern the supporting capacity of the piled foundation are quite
different. No matter whether the pile is installed by driving with a hammer, jetting, vibra-
tion, jacking, screwing or drilling, the soil in contact with the pile face, from which the pile
derives its support by shaft friction and its resistance to lateral loads, is completely disturbed
by the method of installation. Similarly, the soil or rock beneath the toe of a pile is com-
pressed (or sometimes loosened) to an extent which may affect significantly its end-gearing
resistance (Figure 1.1b). Changes take place in the conditions at the pile-soil interface over
periods of days, months or years which materially affect the shaft friction resistance of a
pile. These changes may be due to the dissipation of excess pore pressure set up by installing
the pile, to the relative effects of friction and cohesion which in turn depend on the relative
pile—soil movement, and to chemical or electrochemical effects caused by the hardening of
the concrete or the corrosion of the steel in contact with the soil. Where piles are installed
in groups to carry heavy foundation loads, the operation of driving or drilling for adjacent
piles can cause changes in the carrying capacity and load/settlement characteristics of the
piles in the group that have already been driven.

Considerable research has been, and is being, carried out into the application of soil
and rock mechanics theory to practical pile design. However, the effects of the various
methods of pile installation on the carrying capacity and deformation characteristics of
the pile and ground cannot be allowed for in a strict theoretical approach. The application
of simple empirical factors to the strength, density and compressibility properties of the
undisturbed soil or rock remains the general design procedure to determine the relevant
resistances to the applied loads. The various factors which can be used depend on the par-
ticular method of installation and have been developed over many years of experience and
successful field testing.

The basis of the soil mechanics approach to calculating the carrying capacity of piles
is that the total resistance of the pile to compression loads is the sum of two components,
namely, shaft friction and base resistance. A pile in which the shaft-frictional component
predominates is known as a friction pile (Figure 1.2a), while a pile bearing on rock or some
other hard incompressible material is known as an end-bearing pile (Figure 1.2b). The
need for adopting adequate safety factors in conjunction with calculations to determine
the design resistance of these components is emphasised by the statement by Randolph®-V
‘that we may never be able to estimate axial pile capacity in many soil types more accu-
rately than about £30%’. However, even if it is possible to make a reliable estimate of total
pile resistance, a further difficulty arises in predicting the problems involved in installing
the piles to the depths indicated by the empirical or semi-empirical calculations. It is one

increasing in

. ] - Rock or hard
e I stiffness or . relatively
I A relative density incompressible
= — with increasing soil

depth

(b)

Figure 1.2 Types of bearing pile: (a) friction pile; (b) end-bearing pile.



4 Pile design and construction practice

problem to calculate that a precast concrete pile must be driven to a depth of, say, 20 m to
carry safely a certain applied load, but quite another problem to decide on the energy of the
hammer required to drive the pile to this depth, and yet another problem to decide whether
or not the pile will be irredeemably shattered while driving it to the required depth. In the
case of driven and cast-in-place piles, the ability to drive the piling tube to the required
depth and then to extract it within the pulling capacity of the piling rig must be correctly
predicted.

Time effects are important in calculating the resistance of a pile in clay; the effects include
the rate of applying load to a pile and the time interval between installing and testing a pile.
The shaft-frictional resistance of a pile in clay loaded very slowly may only be one-half of
that which is measured under the rate at which load is normally applied during a pile loading
test. The slow rate of loading may correspond to that of a building under construction, yet
the ability of a pile to carry its load is judged on its behaviour under a comparatively rapid
loading test made only a few days after installation. Because of the importance of such time
effects both in fine- and coarse-grained soils, the only practicable way of determining the
load-carrying capacity of a piled foundation is to confirm the design calculations by short-
term tests on isolated single piles and then to allow in the safety factor for any reduction in
the carrying capacity with time. The effects of grouping piles can be taken into account by
considering the pile group to act as a block foundation, as described in Chapter 5.

1.4 DYNAMIC PILING FORMULAE

The method of calculating the load-carrying capacity of piles mentioned earlier is based on
a soil mechanics approach to determine the resistance of the ground to static loads applied
at the test-loading stage or during the working life of the structure. Historically, all piles
were driven with a simple falling ram or drop hammer and the pile capacity was based on
the measurement of the ground resistance encountered when driving a pile. The downward
movement of the pile under a given energy blow is related to its ultimate resistance to static
loading. Based on the considerable body of experience built up in the field, simple empirical
formulae were derived, from which the ultimate resistance of the pile could be calculated
from the set of the pile due to each hammer blow at the final stages of driving. However,
there are drawbacks to the use of these formulae when using diesel hammers due to the
increase in energy delivered as the ground resistance increases and changes in hammer per-
formance related to the mechanical condition and operating temperature. Driving tests on
preliminary piles instrumented to measure the energy transferred to the pile head together
with a pile driving analyser (PDA) can provide a means of applying dynamic formula for site
control of working piles.

The more consistent hydraulic hammers overcome many of the problems of energy trans-
fer and the availability of a large database of hammer performance and improvements in
the application of PDAs has meant that under the right conditions, dynamic formulae can
be reliable (see Section 7.3). Hence, the Eurocode for geotechnical design (EC7-1 Clause
7.6.2.5; see Section 1.5) allows the use of pile driving formulae to assess the ultimate com-
pressive resistance of piles where the ground conditions are known. Also, the formula has
to have been validated by previous experience of acceptable performance in similar ground
conditions as verified by static loading tests on the same type of pile.

While the dynamic formula approach may now be more reliable, it can only be applied to
driven piles and is being replaced by the use of pile driveability and stress wave principles.
The basic soil mechanics design approach, and the associated development of analytical and
numerical methods, can be applied to all forms of piling in all ground conditions.
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1.5 INTRODUCTION OF EUROCODES AND OTHER STANDARDS

The Eurocodes?, formulated by the transnational technical committees of the European
Committee for Standardisation (CEN), are the Europe-wide means of designing works to
produce identical, harmonised specifications for safe buildings, structures and civil engi-
neering works. The United Kingdom, which adopted the European Public Procurement
Directive of 2004 (2004/17/EC) through the Public Contracts Regulations of 2006, must
ensure that all public projects in England, Wales and Northern Ireland are specified in
terms of Eurocodes. Although there is no current legal requirement for structural design for
private sector works to comply with Eurocodes, this is likely to change in the future under
European trade directives.

The Eurocodes make a fundamental change to traditional UK design practice. They are
not based on allowable stress and allowable capacity of materials calculated using overall
(global) factors of safety, but on limit state design principles and partial factors applied to
separate elements of the design, depending on the reliability which can be placed on the
parameters or calculations. There are 10 structural Eurocodes made up of 58 parts which
supersede the previous UK design standards, largely withdrawn by the British Standards
Institute (BSI) in 2010. The main Codes of Practice, BS 8002 and BS 8004 dealing with
foundation design and construction, are therefore no longer available. The concrete design
standard, BS 8110 which was based on limit state principles, has also been withdrawn.

The BSI adopts and publishes, on behalf of CEN, the following normative standards for
geotechnical design (with the prefix BS EN and the commonly used abbreviations):

EC7-1 BS EN 1997-1:2004 Eurocode 7: Geotechnical design, Part 1 General rules
EC7-2 BS EN 1997-2:2007 Eurocode 7: Geotechnical design, Part 2 Ground investigation
and testing

EC7, which deals with the variable nature of soils and rock, differs in some respects from
other structural codes where materials are more consistent in strength and performance.
EC7 has to be read in conjunction with the following structural Eurocodes referenced in this
text which bear on foundation design:

EC1-1 BSEN 1991-1-1:2002 Eurocode 1: Part 1-1 Actions on structures. General actions —
Densities, self-weight, imposed loads for buildings

EC2-1 BS EN 1992-1-1:2004 Eurocode 2: Design of concrete structures, Part 1-1 General
rules and rules for buildings

EC3-1 BS EN 1993-1-1:2005 Eurocode 3: Design of steel structures, Part 1-1 General
rules and rules for buildings

EC3-5 BS EN 1993-5:2007 Eurocode 3: Design of steel structures, Part 5 Piling

EC4-1 BSEN 1994-1:2005 Eurocode 4: Design of composite steel and concrete structures,
Part 1 General rules

EC5-1 BS EN 1995-1-1:2004 Eurocode 5: Design of timber structures, Part 1-1 General
rules

EC6-1 BS EN 1996-1:2005 Eurocode 6: Design of masonry structures, Part 1 General
rules

EC8-1 BS EN 1998-1:2004 Eurocode 8: Design of structures for earthquake resistance,
Part 1 General rules

EC8-5 BS EN 1998-1:2004 Eurocode 8: Design of structures for earthquake resistance,
Part 5 Foundations, retaining walls and geotechnical aspects

The objectives of the suite of Eurocodes are set out in BS EN 1990:2002, Basis of structural
design, namely, to demonstrate structural resistance, durability and serviceability for the
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structure’s designed working life. The clauses designated principles (P) in all Eurocodes
are mandatory (i.e. shall clauses); the informative clauses indicate the means by which the
principles may be fulfilled.

Each part of the Eurocode has to be read in conjunction with its corresponding National
Annex (an informative document referred to here as the NA) which provides, within pre-
scribed Eurocode limits, nationally determined parameters, partial factors and design
approach to meet a country’s particular conditions and practices for the control of its design
process. The NA factors, published separately from the Eurocodes, are to be distinguished
from those in Annex A (normative) in the Eurocode. The NA also sets out the procedures
to be used where alternatives to the Eurocode are deemed necessary or desirable. Not all
countries have produced NAs, but the UK Annexes for both parts of EC7 (and most of
the other Eurocodes) are now applicable and importantly modify the parameters and fac-
tors published in Annex A. Designers therefore must be aware of the many variations to
EC7 which exist in Europe when designing piles in one country for execution in another.
Designers will be free to apply higher standards than given in the Eurocodes if considered
appropriate and may use unique design factors provided they can be shown to meet the
prime objectives of the Eurocodes. Such alternatives will have to be supported by relevant
testing and experience.

Eurocodes introduce terms not familiar to many UK designers, for example load becomes
action and imposed load becomes variable action. Effect is an internal force which results
from application of an action, for example settlement. These and other new load condi-
tions, permanent unfavourable and permanent favourable, require the application of dif-
ferent load factors depending on which of the design approaches and factor combinations
are being used. The structural engineer is required to assess which actions give the critical
effects and special care is needed when deciding on which actions are to be considered as
separate variable actions; actions include temperature effects and swelling and shrinkage.

The United Kingdom has modified the EC7 partial factors in its NA to reflect established
practice and has adopted Design Approach 1 (DA1) for foundations using partial factor
combinations 1 and 2 in which the factors are applied at source to actions and ground
strength parameters, requiring reliable and technically advanced soils testing laboratories.
However, for pile design, the partial factors must be applied to the ground resistance calcu-
lations. This is inconsistent with the rest of EC7.

Clause 7 of EC7-1 deals with piled foundations from the aspects of actions on piles from
superimposed loading or ground movements, design methods for piles subjected to com-
pression, tension and lateral loading, pile-loading tests, structural design and supervision of
construction. In using Clause 7, the designer is required to demonstrate that the sum of the
ultimate limit state (ULS) components of bearing capacity of the pile or pile group (ground
resistances R) exceeds the ultimate limit state design loading (actions F) and that the ser-
viceability limit state (SLS) is not reached. New definitions of characteristic values (cautious
estimate based on engineering judgement) and representative values (tending towards the
limit of the credible values) of material strengths and actions are now given in BS EN 1990
and BS EN 1991 which must be considered when examining the various limit states (see
Section 4.1.4). The use of cautious estimates for parameters can be important in view of the
limitations imposed by the partial factors for resistance, especially for values of undrained
shear strength at the base of piles. The representative actions provided by the structural
engineer to the foundation designer should state what factors have been included so that
duplication of factors is avoided.

EC7-1 does not make specific recommendations on calculations for pile design; rather,
emphasis is placed on preliminary load testing to govern the design. Essentially, EC7-1
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prescribes the succession of stages in the design process using conventional methods to
calculate end-bearing resistance, frictional resistance and displacement and may be seen
as the means for checking (verifying) that a design is satisfactory. This edition exclusively
applies DA1 and the UK NA, and the reader who needs to consider DA 2 and 3 is referred
to examples in Bond and Harris!"3) which show the differences in design outcomes using
the specified parameters from EC7-1. CIRIA Report C641 (Driscoll et al."#) highlights the
important features of the Eurocodes applicable to geotechnical design using DA1 and the
NA factors. The guide by Frank et al.!-%) outlines the development of the code and gives a
clause-by-clause commentary. The limit state and partial factor approach in EC7 should
result in more economic pile foundations — particularly in the case of steel piles where the
material properties are well defined.

The current EC7 procedures are not very amenable to the application of sophisticated
computational developments in theoretical analyses, which in due course may produce fur-
ther savings. In order to capitalise on these advances, two factors will have to be addressed:
firstly, significant improvements in determining in situ soil parameters are required and,
secondly, designers must have gained specialist expertise and competence to undertake the
necessary modelling and be aware of the limitations. In any event, it is considered that a
good understanding of the proven empirical geotechnical approach will be essential for
future economic pile design, with continued validation by observations and publication of
relevant case studies.

EC7 is to undergo a significant evolution over the next few years which should avoid the
anomalies and difficulties in interpreting some of the current procedures; a new version will
be published sometime after 2020.

New European standards (EN) have also been published dealing with the ‘execution of
special geotechnical works’ (bored piling, displacement piles, sheet piles, micropiles, etc.)
which have the status of current British Standards (and also designated BS EN). These,
together with new material standards, are more prescriptive than the withdrawn codes and
are extensively cross-referenced in this text. Selection of the design and installation methods
used and the choice of material parameters remain within the judgement and responsibility
of the designer and depend on the structure and the problems to be solved. Generally, where
reference is made in Eurocodes to other BS, the requirements of the corresponding BS EN
should take precedence. However, parts of existing standards, for example amended BS
5930: 1999 and BS 1377: 1997, are referred to in EC7-2 in respect of ground investigation
and laboratory testing.

Where there is a need for guidance on a subject not covered by a Eurocode or in order to
introduce new technology not in the ENs, BSI is producing ‘noncontradictory’ documents
entitled ‘Published Documents’ with the prefix PD. Examples are PD 6694 which is comple-
mentary to EC7-1 for bridge design and PD 6698 which gives recommendations for design
of structures for earthquake resistance; all come with the rider that “This publication is not
to be regarded as a British Standard’.

Geotechnical standards are also prepared by the International Standards Organisation
(ISO) in cooperation with CEN. When an ISO standard is adopted by BSI as a European
norm, it is given the prefix BS EN ISO. It is currently dealing with the classification of soil
and rock and ground investigations generally and, when completed, the new set of ISO
documents will supersede all parts of BS 5930 and BS 1377.

The UK Building Regulations 2010(-¢) set out the statutory requirements for design and
construction to ensure public health and safety for all types of building; the complemen-
tary ‘Approved Documents’ give guidance on complying with the regulations. Approved
Document A now refers exclusively to British Standards based on Eurocodes.
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As noted earlier, some aspects of withdrawn standards are still referred to in the new BS
ENs but designers should be aware of the risks of inappropriately mixing designs based on
the new standards with withdrawn BS codes"”). Designers should also be aware that com-
pliance with a BS or BS EN does not confer immunity from the relevant statutory and legal
requirements and that compliance with Eurocodes may be mandatory.

Working to code rules is only part of the design process. An understanding of the soil
mechanics and mathematics behind the codes is essential, and designs and procedures
should always be checked against comparable experience and practice. It is also important
to avoid over-specification of design and construction as a result of applying new structural
Eurocodes and the associated execution codes!!%).

Alternative forms of limit state design, usually referred to as load and resistance factor
design (LRFD), are being adopted and codified in many jurisdictions (see Section 4.10).
Here, the factored load should not exceed the factored resistance, whereas the EC7-1 prin-
ciple is that factored load should not exceed the resistance as determined by factored shear
strength parameters (but note the previous comment for pile design).

A list of current and pending British Standards relating to geotechnical design is given in
Appendix B.

1.6 RESPONSIBILITIES OF EMPLOYER AND CONTRACTOR

Contract conditions and procurement methods for construction in Britain for both main con-
tracts and specialist work have changed significantly in recent years to meet new legal obliga-
tions and to implement the Eurocodes. These changes, which are considered in more detail
in Section 11.2.1, have altered the relative responsibilities of the parties to a contract and the
delegation of responsibilities to the parties’ advisors and designers. Under the traditional pil-
ing contract arrangements, the employer’s engineer is responsible for the overall design and
supervision of construction. In this case, the engineer is not a party to the contract between
the employer and contractor and must act impartially when carrying out duties as stated in
the contract. With regard to the foundations, the engineer will have prepared, possibly with
a geotechnical advisor, the mandatory Geotechnical Design Report and determined the
geotechnical categories as required in EC7-1 and EC7-2 (see Section 11.1). The responsibility
for the detailed design of the piles may then lie with the engineer or the piling contractor.

The New Engineering and Construction Contract (NEC3)"19 which is increasingly being
used on major projects, does not provide for the employer to delegate authority to an engineer.
A project manager is appointed under a contract with the employer to employ designers and
contractors and to supervise the whole works, in accordance with the employer’s requirements
and instructions. The piles may be designed by the project manager’s team or by the contractor.

The engineer/project manager has a duty to the employer to check the specialist contrac-
tor’s designs, as far as practically possible, before approval can be given for inclusion in
the permanent works. This will include determining that proper provision has been made
by the piling specialist to cope with any difficult ground conditions noted in the ground
investigation, such as obstructions or groundwater flow. Checks will also be made on pile
dimensions, stresses in the pile shaft, concrete strengths, steel grades, etc. in accordance
with specifications, relevant standards and best practice. However, the risks and liabilities
of the piling contractor for his designs will not normally be reduced by prior approval. If the
employer through the project manager provides the design, the risk for a fault in the design
will generally fall to the employer.
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The basic methods of undertaking the works either by employer-provided design or
contractor design are outlined in Section 11.2.1. In all cases, the piling contractor is
responsible for ensuring that reasonable skill and care has been and will be exercised
in undertaking the piling works, usually confirmed in a form of warranty from the
specialist.

The Eurocodes do not comment specifically on responsibility for checks, but require that
execution is carried out by ‘personnel having the appropriate skill and experience’; also that
‘adequate supervision and quality control is provided during execution of the work, i.e. in
design offices...and on site’. Here, ‘execution’ must be taken to mean both the design and
construction of the piles. ‘Adequate supervision’ is not defined, but under the auspices of
the Ground Forum of the Institution of Civil Engineers, a Register of Ground Engineering
Professionals-? has been developed to meet the European requirement to identify suitably
qualified and competent personnel to address the issue.

The liability for dealing with unforeseen ground conditions should be explicitly addressed
in the contract conditions. Similarly, the party liable for providing any additional piles or
extra lengths compared with the contract quantities should be identified. If the piling con-
tractor had no opportunity to contribute to the ground investigation, it would be reasonable
for the contract to include rates for extra work and for payment to be authorised. Payment
would not be appropriate if the piling contractor is shown to have been overcautious, but
a decision should not be made without test pile observations or previous knowledge of the
performance of piles in similar soil conditions. Contractor-designed piling has promoted the
development of highly efficient and reliable piling systems, which means a contractor is less
able to claim for extra payments.

Whichever form of contract is used, it is the structural designer’s responsibility to state
the limit for settlement of the foundation at the applied loads based on the tolerance of
the structure to total and differential settlement (the serviceability). He must specify the
maximum permissible settlement at the representative load and at some multiple in a
pile load test, say, 1.5 times, as this is the only means that the engineer/project manager
has of checking that the design assumptions and the piles as installed will fulfil their
function in supporting the structure. It frequently happens that the maximum settle-
ments specified are so unrealistically small that they will be exceeded by the inevitable
elastic compression of the pile shaft, irrespective of any elastic compression or yielding
of the soil or rock supporting the pile. However, the specified settlement should not be
so large that the limit states are compromised (Section 4.1.4). It is unrealistic to specify
the maximum movement of a pile under lateral loading, since this can be determined
only by field trials.

The piling contractor’s warranty is usually limited to that of the load/settlement charac-
teristics of a single pile and for soundness of workmanship, but responsibilities regarding
effects due to installation could extend to the complete structure and to any nearby exist-
ing buildings or services; for example, liability for damage caused by vibrations or ground
heave when driving a group of piles or by any loss of ground when drilling for groups of
bored and cast-in-place piles. The position may be different if a building were to suffer dam-
age due to the settlement of a group of piles as a result of consolidation of a layer of weak
compressible soil beneath the zone of disturbance caused by pile driving (Figure 1.3). In the
case of an employer-designed project, the designer should have considered this risk in the
investigations and overall design and specified a minimum pile length to take account of
such compressible layer. The rights of third parties in respect of damage due to construction
are now covered by statute (see Section 11.2.1).
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Figure 1.3 Pile group terminating in hard incompressible soil layer underlain by weak compressible soil.
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Chapter 2

Types of pile

2.1 CLASSIFICATION OF PILES

The traditional classification of the three basic categories of bearing piles is as follows:

1. Large-displacement piles comprise solid-section piles or hollow-section piles with a
closed end, which are driven or jacked into the ground and thus displace the soil. All
types of driven and cast-in-place piles come into this category. Large-diameter screw
piles and rotary displacement auger piles are increasingly used for piling in contami-

nated land and soft soils.

2. Small-displacement piles are also driven or jacked into the ground but have a relatively
small cross-sectional area. They include rolled steel H- or I-sections and pipe or box
sections driven with an open end such that the soil enters the hollow section. Where

these pile types plug with soil during driving, they become large-displacement types.

3. Replacement piles are formed by first removing the soil by boring using a wide range
of drilling techniques. Concrete may be placed into an unlined or lined hole, or the
lining may be withdrawn as the concrete is placed. Preformed elements of timber, con-
crete or steel may be placed in drilled holes. Continuous flight auger (CFA) piles have

become the dominant type of pile in the United Kingdom for structures on land.

Eurocode 7 Part 102 (EC7-1, all Eurocodes are referenced in Section 1.5 and Appendix B)
does not categorise piles, but Clause 7 applies to the design of all types of load-bearing piles.
When piles are used to reduce settlement of a raft or spread foundation (e.g. Love?), as
opposed to supporting the full load from a structure, then the provisions of EC7 may not

apply directly.
Examples of the types of piles in each of the basic categories are as follows:

2.1.1 Large-displacement piles (driven types)

. Timber (round or square section, jointed or continuous)

. Precast concrete (solid or tubular section in continuous or jointed units)
. Prestressed concrete (solid or tubular section)

. Steel tube (driven with closed end)

. Steel box (driven with closed end)

. Fluted and tapered steel tube

7. Jacked-down steel tube with closed end

8. Jacked-down solid concrete cylinder

AN nh WK R~
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2.1.2 Large-displacement piles (driven and cast-in-place types)

. Steel tube driven and withdrawn after placing concrete

. Steel tube driven with closed end, left in place and filled with reinforced concrete

. Precast concrete shell filled with concrete

. Thin-walled steel shell driven by withdrawable mandrel and then filled with concrete
. Rotary displacement auger and screw piles

. Expander body

NN D WD =

2.1.3 Small-displacement piles

. Precast concrete (tubular section driven with open end)

. Prestressed concrete (tubular section driven with open end)

. Steel H-section

. Steel tube section (driven with open end and soil removed as required)

. Steel box section (driven with open end and soil removed as required)

. Steel sheet piles used as combined retaining wall and vertical load bearing

AN W R~

2.1.4 Replacement piles

1. Concrete placed in hole drilled by rotary auger, baling, grabbing, airlift or reverse-
circulation methods (bored and cast-in-place or in American terminology drilled shafts)

. Tubes placed in hole drilled as earlier and filled with concrete as necessary

. Precast concrete units placed in drilled hole

. Cement mortar or concrete injected into drilled hole

. Steel sections placed in drilled hole

. Steel tube drilled down

AN bW

2.1.5 Composite piles

Numerous types of piles of composite construction may be formed by combining units in
each of the preceding categories or by adopting combinations of piles in more than one
category. For example, composite piles of a displacement type can be formed by jointing a
timber section to a precast concrete section, or a precast concrete pile can have an H-section
jointed to its lower extremity. Tubular steel casing with a spun concrete core combines the
advantages of both materials, and fibreglass tubes with concrete or steel tube cores are use-
ful for light marine structures.

2.1.6 Minipiles and micropiles

Both replacement piles and small-displacement piles may be formed as mini-/micropiles.

2.1.7 Selection of pile type

The selection of the appropriate type of pile from any of the above-mentioned categories
depends on the following three principal factors:

1. The location and type of structure
2. The ground conditions
3. Durability
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Considering the first of these factors, some form of displacement pile is the first choice for a
marine structure. A solid precast or prestressed concrete pile can be used in fairly shallow water,
but in deep water, a solid pile becomes too heavy to handle, and either a steel tubular pile or a
tubular precast concrete pile is used. Steel tubular piles are preferred to H-sections for exposed
marine conditions because of the smaller drag forces from waves and currents. Large-diameter
steel tubes are also an economical solution to the problem of dealing with impact forces from
waves and berthing ships. Timber piles are used for permanent and temporary works in fairly
shallow water. Bored and cast-in-place piles would not be considered for any marine or river
structure unless used in a composite form of construction, say as a means of extending the pen-
etration depth of a tubular pile driven through water and soft soil to a firm stratum.

Piling for a structure on land is open to a wide choice in any of the three categories. Bored
and cast-in-place piles are the cheapest type where unlined or only partly lined holes can
be drilled by rotary auger. These piles can be drilled in very large diameters and provided
with enlarged or grout-injected bases and thus are suitable to withstand high applied loads.
Augered piles are also suitable where it is desired to avoid ground heave, noise and vibration,
that is, for piling in urban areas, particularly where stringent noise regulations are enforced.
Driven and cast-in-place piles are economical for land structures where light or moderate
loads are to be carried, but the ground heave, noise and vibration associated with these
types may make them unsuitable for some environments.

Timber piles are suitable for light to moderate loadings in countries where timber is easily
obtainable. Steel or precast concrete driven piles are not as economical as driven or bored
and cast-in-place piles for land structures. Jacked-down steel tubes or concrete units are
used for underpinning work.

For the design of foundations in seismic situations, reference can be made to criteria in
EC8-5 which complement the information on soil-structure interaction given in EC7-1.
However, the codes and the recommendations in the British Standard Institute document
PD 6698:2009 give only limited data on the design of piles to resist earthquakes. The paper
by Raison>-?) refers to the checks required under EC8-1 rules for piles susceptible to seismic
liquefaction at a site in Barrow (see Section 9.8).

The second factor, ground conditions, influences both the material forming the pile
and the method of installation. Firm to stiff fine-grained soils (silts and clays) favour the
augered bored pile, but augering without support of the borehole by a bentonite slurry can-
not be performed in very soft clays or in loose or water-bearing granular soils, for which
driven or driven and cast-in-place piles would be suitable. Piles with enlarged bases formed
by auger drilling can be installed only in firm to stiff or hard fine-grained soils or in weak
rocks. Driven and driven and cast-in-place piles cannot be used in ground containing boul-
ders or other massive obstructions, nor can they be used in soils subject to ground heave.

Driven and cast-in-place piles which employ a withdrawable tube cannot be used for very
deep penetrations because of the limitations of jointing and pulling out the driving tube. For
such conditions, a driven pile would be suitable. For hard driving conditions, for example in
glacial till (boulder clays) or gravelly soils, a thick-walled steel tubular pile or a steel H-section
can withstand heavier driving than a precast concrete pile of solid or tubular section.

Some form of drilled pile, such as a drilled-in steel tube, would be used for piles taken
down into a rock for the purpose of mobilising resistance to uplift or lateral loads.

When piling in contaminated land using boring techniques, the disposal of arisings to
licensed tips and measures to avoid the release of damaging aerosols are factors limiting the
type of pile which can be considered and can add significantly to the costs. Precautions may
also be needed to avoid creating preferential flow paths while piling which could allow con-
taminated groundwater and leachates to be transported downwards into a lower aquifer.
Tubular steel piles can be expensive for piling in contaminated ground when compared with
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other displacement piles, but they are useful in overcoming obstructions which could cause
problems when driving precast concrete or boring displacement piles. Large-displacement
piles are unlikely to form transfer conduits for contaminants, although untreated wooden
piles may allow ‘wicking’ of volatile organics. Driving precast concrete piles will densify the
surrounding soil to a degree and in permeable soil the soil-pile contact will be improved,
reducing the potential for flow paths. End-bearing H-piles can form long-term flow conduits
into aquifers (particularly when a driving shoe is needed), and it may be necessary for the
piles to be hydraulically isolated from the contaminated zone.

The factor of durability affects the choice of material for a pile. Although timber piles are
cheap in some countries, they are liable to decay above groundwater level, and in marine struc-
tures, they suffer damage by destructive mollusc-type organisms. Precast concrete piles do not
suffer corrosion in saline water below the splash zone, and rich well-compacted concrete can
withstand attack from quite high concentrations of sulphates in soils and groundwaters. Cast-
in-place concrete piles are not so resistant to aggressive substances because of difficulties in
ensuring complete compaction of the concrete, but protection can be provided against attack
by placing the concrete in permanent linings of coated light-gauge metal or plastics. Checklists
for durability of man-made materials in the ground are provided in EC2-1 and complementary
concrete standards BS 8500 and BS EN 206; durability of steel is covered in EC3-1 and EC3-5.

Steel piles can have a long life in ordinary soil conditions if they are completely embedded
in undisturbed soil, but the portions of a pile exposed to seawater or to disturbed soil must
be protected against corrosion by cathodic means if a long life is required. Corrosion rates
are provided in Clause 4.4 of EC3-5, and work by Corus Construction and Industrial?-3.24
has refined guidelines for corrosion allowances for steel embedded in contaminated soil. The
increased incidence of accelerated low water corrosion (ALWC) in steel piles in UK tidal waters
is considered in Section 10.4. Mariner grade steel H-piles to ASTM standard can give perfor-
mance improvement of two to three times that of conventional steels in marine splash zones.

Other factors influence the choice of one or another type of pile in each main classifica-
tion, and these are discussed in the following pages, in which the various types of pile are
described in detail. In UK practice, specifications for pile materials, manufacturing require-
ments (including dimensional tolerances), workmanship and contract documentation are
given in the Specification for Piling and Embedded Retaining Walls published by Institution
of Civil Engineers®?-) (referred to as SPERW). This document is generally consistent with the
requirements in EC7-1 and the associated standards for the ‘Execution of special geotechni-
cal works’, namely,

e BS EN 1536:2010 Bored piles

¢ BSEN 12063:1999 Sheet piling

e BSEN 12699:2001 Displacement piles
¢ BS EN 14199:2005 Micropiles

Having selected a certain type or types of pile as being suitable for the location and type
of structure, for the ground conditions at the site and for the requirements of durability, the
final choice is then made on the basis of cost. However, the total cost of a piled foundation is
not simply the quoted price per metre run of piling or even the more accurate comparison of
cost per pile per kN of load carried. Consideration must also be given to the overall cost of
the foundation work which will include the main contractor’s on-site costs and overheads.

Depending on the contract terms, extra payment may be sought if the piles are required
to depths greater than those predicted at the tendering stage. Thus, a contractor’s previous
experience of the ground conditions in a particular locality is important in assessing the
likely pile length and diameter on which to base a tender. Experience is also an important
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factor in determining whether the cost of preliminary test piling can be omitted and testing
limited to that of proof loading selected working piles. In well-defined ground conditions
and relatively light structural loads, the client may rely on the contractor’s warranty that the
working piles meet the specified load-carrying capacity and settlement criteria. However,
the potential to save costs by omitting preliminary pile tests will be limited by EC7-1 Clause
7.6.2, which requires that pile designs based on calculation using ground test results (i.e. the
measurement of soil properties) or on dynamic impact tests must have been validated by pre-
vious evidence of acceptable performance in static load tests, in similar ground conditions.

A thorough ground investigation and preliminary pile tests are essential in difficult
ground. If these are omitted and the chosen pile design and installation procedures are
shown to be impractical at the start of construction, then considerable time and money can
be expended in changing to another piling system or adopting larger-diameter or longer
piles. The allocation of costs resulting from such disruption is likely to be contentious.

A piling contractor’s resources for supplying additional rigs and skilled operatives to make
up time lost due to unforeseen difficulties and his technical ability in overcoming these dif-
ficulties are factors which will influence the choice of a particular piling system.

As a result of the introduction of new and revised codes and standards, considerable
cross-referencing is now necessary to produce compliant designs. While it is not possible to
deal with all the implications, this chapter provides a summary of some of the main points
from the standards concerned with piling.

2.2 DRIVEN DISPLACEMENT PILES

2.2.1 Timber piles

In many ways, timber is an ideal material for piling. It has a high strength-to-weight ratio,
it is easy to handle, it is readily cut to length and trimmed after driving and in favourable
conditions of exposure, durable species have an almost indefinite life. Timber piling is also a
low-cost, sustainable resource and may become more widely used as an alternative ‘environ-
mentally friendly’ material when compared with steel and concrete®. To demonstrate that
timber products come from managed and sustainable forests, recognised forest manage-
ment certification should be provided to the user together with chain of custody statement.
Timber piles used in their most economical form consist of round untrimmed logs which
are driven butt uppermost. The traditional British practice of squaring the timber can be
detrimental to its durability since it removes the outer sapwood which is absorptive to liquid
preservative as BS 8417 (see Section 10.2). The less absorptive heartwood is thus exposed,
and instead of a pile being encased by a thick layer of well-impregnated sapwood, there is
only a thin layer of treated timber which can be penetrated by the hooks or slings used in
handling the piles or stripped off by obstructions in the ground.

Timber piles, when situated wholly below groundwater level, are resistant to fungal decay
and have an almost indefinite life. However, the portion above groundwater level in a struc-
ture on land is liable to decay, and BS EN 12699 prohibits the use of timber piles above
free-water level, unless adequate protection is used. The solution is to cut off timber piles
just below the lowest predicted groundwater level and to extend them above this level in
concrete (Figure 2.1a). If the groundwater level is shallow, the pile cap can be taken down
below the water level (Figure 2.1b).

Timber piles in marine structures are liable to be severely damaged by the mollusc-type
borers which infest seawater in many parts of the world, particularly in tropical seas. The
severity of this form of attack can be reduced to some extent by using softwood impregnated
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Figure 2.1 Protecting timber piles from decay by (a) precast concrete upper section above water level and
(b) by extending pile cap below water level.

with preservative or greatly minimised by the use of a hardwood of a species known to be
resistant to borer attack. The various forms of these organisms, the form of their attack and
the means of overcoming it are discussed in greater detail in Chapter 10.

Bark should be removed from round timbers where these are to be treated with preserva-
tive. If this is not done, the bark reduces the depth of impregnation. Also the bark should be
removed from piles carrying uplift loads by shaft friction in case it should become detached
from the trunk, thus causing the latter to slip. Bark need not be removed from piles carry-
ing compression loads or from fender piles of untreated timber (hardwoods are not treated
because they will not absorb liquid preservatives).

BS 5268-2, which provided the allowable design stresses for compression parallel to
the grain for the species and grade of green timber being used, has been withdrawn. The
replacement Eurocode EC5-1 provides common rules for calculating stresses which apply
to the design of timber piling. Reference must also be made to BS EN 338 for characteristic
values for all timber classes as described under common and botanical names in BS EN
1912. The design load and design compressive stress parallel to the grain are then calculated
using the ECS5 National Annex partial factors for timber for verification against failure.
(See McKenzie and Zhang?7).)

Examples of commercially available timbers which are suitable for piling are shown in
Table 2.1. The values given for hardwoods, such as greenheart, are considerably higher
than those of softwoods, and generally, timber suitable for piles is obtained from SS grades
or better. The timber should be straight-grained and free from defects which could impair
its strength and durability. To this end, the sectional dimensions of hewn timber piles must
not change by more than 15 mm/m, and straightness shall not deviate more than 1% of
the length.

The stresses quoted are for timber at a moisture content consistent with a temperature of
20°C and relative humidity of 65%. Timber piles are usually in a wet environment requiring
the application of reduction factors (k,,,4, see Section 7.10) to convert the code stress proper-
ties to the wet conditions. When calculating the stresses on a pile, allowance must be made for
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Table 2.1 Summary of characteristic values of some softwoods and tropical hardwoods suitable
for bearing piles (selected from BS EN 1912 Table | and BS EN 338 Table I)

Bending Shear
parallel to Compression parallel to 5% modulus
Strength grain (f,,,)  parallel to grain grain (f,,) of elasticity

Standard name class Grade  (N/Imm?) (feoi) (NImm?) (N/Imm?) (Eos) (kN/m?)
British spruce GS Cl4 14 16 3 4.7
European redwood GS Cleé 16 17 3.2 5.4
Canadian western SS Cils 18 18 34 6.0

red cedar
British pine SS C22 22 20 38 6.7
Douglas fir—larch, SS C24 24 21 4 7.4

United States
Jarrah HS D40 40 26 4 10.9
Teak HS D40 40 26 4 10.9
Ekki HS D70 70 34 5 16.8
Greenheart HS D70 70 34 5 16.8

GS is visually graded general structural softwood to BS 4978:2007; HS is visually graded hardwood to BS 5756:2007;
SS is visually graded special structural softwood to BS 4978:2007.

The UK gradings apply for timber used in the United Kingdom and abroad.

bending stresses due to eccentric and lateral loading and to eccentricity caused by deviations
in the straightness and inclination of a pile. Allowance must also be made for reductions in the
cross-sectional area due to drilling or notching and the taper on a round log.

Typical pile lengths are from 5 to 18 m carrying applied loads from 5 to 350 kN. The
maximum capacity of the pile will be limited by the set achievable without causing damage.
Large numbers of timber piles, mainly Norwegian spruce, are driven below the water table
in the Netherlands every year for light structures, housing, roads and embankments.

As a result of improved ability to predict and control driving stresses, BS EN 12699
allows the maximum compressive stress generated during driving to be increased to 0.8
times the characteristic compressive strength measured parallel to the grain. While some
increase in stress (up to 10%) may be permitted during driving if stress monitoring is
carried out, it is advisable to limit the maximum load which can be carried by a pile of
any diameter to reduce the need for excessively hard driving. This limitation is applied in
order to avoid the risk of damage to a pile by driving it to some arbitrary set as required
by a dynamic pile-driving formula and to avoid a high concentration of stress at the toe
of a pile end bearing on a hard stratum. Damage to a pile during driving is most likely
to occur at its head and toe. It is now common practice to use a pile driving analyser
(PDA) which can measure the stress in the pile during driving to warn if damage is likely
to occur.

The problems of splitting of the heads and unseen ‘brooming’ and splitting of the toes
of timber piles occur when it is necessary to penetrate layers of compact or cemented soils
to reach the desired founding level. This damage can also occur when attempts are made
to drive deeply into dense sands and gravels or into soils containing boulders, in order to
mobilise the required frictional resistance for a given uplift or compressive load. Judgement
is required to assess the soil conditions at a site so as to decide whether or not it is feasible
to drive a timber pile to the depth required for a given load without damage or whether it
is preferable to reduce the applied load to a value which permits a shorter pile to be used.
As an alternative, jetting or pre-boring may be adopted to reduce the amount of driving
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required. Cases have occurred where the measured set achieved per blow has been due to the
crushing and brooming of the pile toe and not to the deeper penetration required to reach
the bearing stratum.

Damage to a pile can be minimised by reducing as far as possible the number of hammer
blows necessary to achieve the desired penetration and also by limiting the height of drop of
the hammer to 1.5 m. This necessitates the use of a heavy hammer (but preferably less than
4 tonnes), which should at least be equal in weight to the weight of the pile for hard driving
conditions and to one-half of the pile weight for easy driving. The lightness of a timber pile
can be an embarrassment when driving groups of piles through soft clays or silts to a point
bearing on rock. Frictional resistance in the soft materials can be very low for a few days
after driving, and the effect of pore pressures caused by driving adjacent piles in the group
may cause the piles already driven to rise out of the ground due to their own buoyancy rela-
tive to that of the soil. The only remedy is to apply loads to the pile heads until all the piles
in the area have been driven.

Heads of timber piles should be protected against splitting during driving by means
of a mild steel hoop slipped over the pile head or screwed to it (Figure 2.2a and b).
A squared pile toe can be provided where piles are terminated in soft to moderately stiff
clays (Figure 2.2a). Where it is necessary to drive them into dense or hard materials, a
cast-steel point should be provided (Figure 2.2b). As an alternative to a hoop, a cast-steel
helmet can be fitted to the pile head during driving. The helmet must be deeply recessed
and tapered to permit it to fit well down over the pile head, allowing space for the inser-
tion of hardwood packing.

Commercially available timbers are imported in lengths of up to 18 m. If longer piles are
required, they may be spliced as shown in Figure 2.3. A splice near the centre of the length
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Figure 2.2 Protecting timber piles from splitting during driving. (a) Protecting head by mild steel hoop.
(b) Protecting toe by cast-steel point.
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Figure 2.3 Splice in squared timber pile.

of a pile should be avoided since this is the point of maximum bending moment when the
pile is lifted from a horizontal position by attachments to one end or at the centre. Timber
piles can be driven in very long lengths in soft to firm clays by splicing them in the leaders of
the piling frame as shown in Figure 2.4. The abutting surfaces of the timber should be cut
truly square at the splice positions in order to distribute the stresses caused by driving and
loading evenly over the full cross section.

2.2.2 Precast concrete piles

Precast concrete piles have their principal use in marine and river structures, that is in situ-
ations where the use of driven and cast-in-place piles is impracticable or uneconomical. For
land structures, unjointed precast concrete piles can be more costly than driven and cast-in-
place types for two main reasons:

1. Reinforcement must be provided in the precast concrete pile to withstand the bending and
tensile stresses which occur during handling and driving. Once the pile is in the ground,
and if mainly compressive loads are carried, the majority of this steel is redundant.

2. The precast concrete pile is not readily cut down or extended to suit variations in the
level of the bearing stratum to which the piles are driven.

However, there are many situations for land structures where the precast concrete pile
can be the more economical, especially where high-quality concrete is required. Where large
numbers of piles are to be installed in easy driving conditions, the savings in cost due to the
rapidity of driving achieved may outweigh the cost of the heavier reinforcing steel neces-
sary. Reinforcement may be needed in any case to resist bending stresses due to lateral loads
or tensile stresses from uplift loads. Where high-capacity piles are to be driven to a hard
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Figure 2.4 Splicing timber piles in multiple lengths.

stratum, savings in the overall quantity of concrete compared with cast-in-place piles can be
achieved since higher stresses can be used. Where piles are to be driven in sulphate-bearing
ground or into aggressive industrial waste materials, the provision of sound, high-quality
dense concrete is essential. The problem of varying the length of the pile can be overcome by
adopting a jointed type as Section 2.2.3.

Piles can be designed and manufactured in ordinary reinforced concrete or in the form
of pretensioned or post-tensioned prestressed concrete members. The ordinary reinforced
concrete pile is likely to be preferred for a project requiring a fairly small number of piles,
but prestressed piles may be required for hard driving conditions. Precast concrete piles in
ordinary reinforced concrete are usually square or hexagonal and of solid cross section for
units of short or moderate length, but for saving weight, long piles can be manufactured
with a hollow core in hexagonal, octagonal or circular sections. The interiors of these piles
can be filled with concrete after driving to avoid bursting where piles are exposed to severe
frost action. Alternatively, drainage holes can be provided to prevent water accumulating
in the hollow interior. Hollow-core piles can be readily inspected for breakages in difficult
driving and can be strengthened by infilling with structural reinforced concrete when con-
sidered for reuse. Where piles are designed to carry the applied loads mainly in end bearing,
for example piles driven through soft clays into medium-dense or dense sands, economies in
concrete and reductions in weight for handling can be achieved by providing the piles with
an enlarged toe, up to 1.6 times the shaft width with a minimum length of 500 mm or equal
to the width of the enlargement.

Precast and prestressed piles have to be designed not only to withstand the loads from
the structure but also to meet the stresses and other serviceability requirements during han-
dling, pitching and driving and in service as stated in the relevant material Eurocodes and
the associated National Annexes. To avoid excessive flexibility while handling and driving,
the usual maximum unjointed lengths of square section piles and the range of load-bearing
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Table 2.2 Typical capacity and maximum lengths for ordinary precast concrete piles
of square section (subject to reinforcement)

Pile size (mm?) Applied load (kN) Maximum length (m)
250 200-300 12
300 300450 15
350 350-600 18
400 450-750 21
450 500-900 25

capacities applicable to each size are shown in Table 2.2. (See also Figure 7.2 for maximum
lengths at various lifting points.)

EC2-1 provides common rules for concrete for building and civil engineering which are
not very different from the withdrawn BS 8110 in terms of general design approach, but
the replacement codes contain significant cross-references which now have to be considered
for concrete design. Concrete performance, quality and production are subject to BS EN
206-1, which must be read in conjunction with the United Kingdom’s complementary rules
for strength and exposure classes, cover, etc. in BS 8500-1 and BS 8500-2 as designated in
Table 2.3. The minimum concrete class for precast and prestressed piles specified in BS EN
12794 clause 4.2.2.1 is C35/45 and can be deemed suitable for hard driving conditions.
(Note the strength classification in EC2 is based on denoting the minimum characteristic
strength of a cylinder at 28 days/minimum characteristic cube strength at 28 days in N/
mm?, i.e. fy o and f ... represented, e.g. as C35/45.) BS 8500 recommends strength
classes of concrete C45/55 in tidal splash zones as in Table 2.4. The strengths in BS EN
13369 dealing in general with precast concrete products are not appropriate for most pil-
ing applications, but the reinforcement requirements have to be adhered to (as below).

Table 2.3 Summary of exposure classes as BS 8500-1

Exposure class Class description Examples applicable to piling
XO No risk of corrosion or attack Reinforced concrete exposed to very dry
conditions
XC Carbonation-induced corrosion  Reinforced concrete buried in soil Class
AC-I|
XD Chloride-induced corrosion Reinforced concrete immersed in
(not from seawater) chloride conditions
S Chloride-induced corrosion Reinforced concrete below mid tide level
(from seawater)
XF Freeze—thaw attack Concrete subjected to frequent splashing

with water and exposed to freezing

Note: Each class is subdivided depending on the severity of attack as shown in Table 2.4.

Table 2.4 Typical concrete grades and cover suitable for exposures

Cement Nominal
Strength class Exposure class Water/cement ratio  content (kgim?)  cover (mm)
25/30 XC2 (non-aggressive) 0.65 260 25-50 + A,
35/45 XSI (airborne salt) 0.45 360 35+A,

45/55 XS3 (intertidal wet/dry) 0.35 380 45 + A,
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BS EN 12794 Table 3 gives detailed production tolerances and defines two classes of pre-
cast piles — Class 1 with distributed reinforcement or prestressed piles and Class 2 with
a single central reinforcing bar. Foundations in naturally aggressive ground conditions/
brownfield sites/contaminated land are not covered in EC7-1, and the recommendations in
BRE Special Digest 123 (SD1) and BS 8500-1 should be followed for both in situ founda-
tion concrete and precast units.

High stresses, which may exceed the handling stresses, can occur during driving, and it is
necessary to consider the serviceability limit of cracking. EC2-1 Clause 7.3 allows for maxi-
mum crack widths of 0.3 mm in reinforced concrete elements taking account of the proposed
function of the structure and exposure of precast and prestressed elements. It has been UK
practice to require cracks to be controlled to maximum widths close to the main reinforcement
ranging from 0.3 mm down to 0.15 mm in an aggressive environment, important when con-
sidering laterally loaded and tension piles. Annex ZA to BS EN 12794 deals with the CE mark-
ing of foundation piles and the presumption of fitness for the intended use. (All timber, precast
and steel piles will have to be so marked for use on European construction sites from 2013.)

In EC2-1 Clause 4.4, nominal cover to reinforcement is defined as c,,,, = ¢,.;, + Acy,
where c,,;, is dependent on bond requirements or environmental conditions as detailed in
Tables 4.1 through 4.5 of EC2. Ac,,, allows for deviations, set at 10 mm in EC2 NA, but
may be reduced where strict QA/QC procedures are in force. Cover required in BS EN
12794 is c,,;, but the value of Ac to satisfy the environmental conditions defined in BS
8500-1 and BS EN 206-1 is shown in Table 2.4 for two classes of concrete specified for
precast piles with an intended life of 50 years and 20 mm maximum aggregate. UK practice
would indicate that for well-controlled production, Ac should be 5 mm generally and 10 mm
in marine exposures.

Although the XC2 classification in BS 8500 for reinforced concrete in non-aggressive
ground allows a minimum strength of C25/30, this is not appropriate for piles as noted ear-
lier. The durability of concrete in aggressive ground is considered in Section 10.3.1.

Concrete made with ordinary Portland cement (CEM 1) is generally suitable for precast
piles at the above-mentioned strengths in normal exposures. Table 1 of BS EN 197-1 gives
the composition of the main types of cement which address all the exposure classes, and
the groups in Table A1 of BS 8500-2 show the comparisons with the SD1 ACEC exposure
grades. For example, cement to address Class XS3 given earlier is limited to types CEM 1,
ITA (with fly ash), IIBS (with ground granulated blast furnace slag), and SRPC. Note the
codes no longer refer to pfa (pulverised fuel ash) and ‘“flyash’ may be other ash from power
stations, not necessarily pfa.

BS EN 12794 (Annex B9) states that for Class 1 piles, longitudinal reinforcement shall
be a minimum diameter of 8§ mm with at least one bar placed in the corner of square piles;
circular section piles shall have at least 6 bars 8 mm diameter placed evenly around the
periphery. Transverse reinforcement must be at least 4 mm diameter depending on the pile
diameter, and the pile head must have a minimum of 9 links in 500 mm. Percentages of
transverse steel are specified for hollow-core piles. BS EN 12794 refers to BS EN 13369
for the quality of reinforcement and prestressing steel to be used, which in turn refers to
other standards, such as BS EN 10080 steel for reinforcement of concrete and BS 5896 for
prestressing wire and strand. The specification and grades of steel given in BS 4449 steel
for the reinforcement of concrete, as revised in 2009, complement BS EN 10080. EC2-1-1
in Annex C states that the code applies only to reinforcement with characteristic yield
strength (f,;) in the range 400-600 N/mm?. Other steels, including plain bars, may be
used provided they conform to Annex C requirements. Ribbed bars in 500 N/mm? steel,
classified as A, B or C depending on the steel ductility and the ratio of f,/f,;, are the most
common grade used in the United Kingdom. Users of reinforcement are referred to data
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sheets provided by UK CARES, the third-party certifying body for reinforcing steels, for
additional clarification.

The diameter of main reinforcing steel in the form of longitudinal bars may have to be
increased depending on the bending moments induced when the pile is lifted from its casting
bed to the stacking area. The magnitude of the bending moments depends on the number
and positioning of the lifting points (see Table 7.2). Design data for various lifting condi-
tions are dealt with in Section 7.2. In some cases, the size of the externally applied lateral
or uplift loads may necessitate the provision of more main steel than is required by lifting
considerations. In hard driving conditions, it is advantageous to place additional transverse
steel in the form of a helix at the head of the pile to prevent shattering or splitting. The helix
should be about two pile widths in length with a pitch equal to the spacing of the link steel
at the head. A design for a precast concrete pile for use in easy driving conditions is shown
in Figure 2.5a. A design for a longer octagonal pile suitable for driving to end bearing on
rock is shown in Figure 2.5b. The design of a typical prestressed concrete pile in accordance
with UK practice is shown in Figure 2.6. Square and octagonal piles are usually fabricated
up to 600 mm wide.

Prestressed concrete piles have certain advantages over those of ordinary reinforced con-
crete. Their principal advantage is in their higher strength-to-weight ratio, enabling long
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slender units to be lifted and driven. However, slenderness is not always advantageous since
a large cross-sectional area may be needed to mobilise sufficient resistance in shaft friction
and end bearing and additional lifting points required for pitching. The second main advan-
tage is the effect of the prestressing in closing up cracks caused during handling and driving.
This effect, combined with the high-quality concrete necessary for economic employment of
prestressing, gives the prestressed pile increased durability which is advantageous in marine
structures and corrosive soils. Prestressed concrete piles of hollow cylindrical section are
manufactured by centrifugal spinning in diameters ranging from 900 to 2100 mm and
lengths up to 40 m. For optimum driving performance, the prestressing force, after losses,
is usually between 7 and 10 N/mm?.

Prestressed concrete piles should be made with designed concrete mixes of at least Class
C35/45, but as noted earlier, account should be taken of the special exposure conditions
quoted in BS 8500 and BS EN 206-1. Minimum percentages of prestressing steel stipulated
in BS EN 12794 are 0.1% of cross-sectional area in mm? for piles not exceeding 10 m
in length, 0.01% cross-sectional area x pile length for piles between 10 and 20 m long,
and 0.2% for piles greater than 20 m long. The high concrete strength required for pre-
stressed piles means that they can withstand hard driving and achieve high bearing capacity.
However, it may be desirable to specify a maximum load which can be applied to a precast
concrete pile of any dimensions. As in the case of timber piles, this limitation is to pre-
vent unseen damage to piles which may be overdriven to achieve an arbitrary set given by
a dynamic pile-driving formula. BS EN 12699 limits the calculated stress (including any
prestress) during driving of precast piles to 0.8 times the characteristic concrete strength in
compression at time of driving; a 10% increase is permitted if the stresses are monitored
during driving (e.g. with a PDA).

Metal shoes are not required at the toes of precast concrete piles where they are driven
through soft or loose soils into dense sands and gravels or firm to stiff clays. A blunt pointed
end (Figure 2.7a) appears to be just as effective in achieving the desired penetration in these
soils as a more sharply pointed end (Figure 2.7b), and the blunt point is better for maintain-
ing alignment during driving. A cast-iron or cast-steel shoe fitted to a pointed toe may be

—
~ — |
-~ PO
IS <]
I I
| I
+ M.S. straps - |
\/\/1 ‘:\\ :
I
o “ |
3 X : i
< A
) 7 \ 7
\ ’ \ /
X / \ /
\ / \ /
AY ’ \
\ / b
[l
|l
. I
Cast iron
or cast steel Hardened v
shoe steel point

(@) (b) (© (d

Figure 2.7 Shoes for precast (including prestressed) concrete piles. (a) For driving through soft or loose
soils to shallow penetration into dense granular or firm to stiff clays. (b) Pointed end suitable
for moderately deep penetration into medium-dense to dense sands firm to stiff clays. (c) Cast-
iron or cast-steel shoe for seating pile into weak rock or breaking through cemented soil layer.
(d) Oslo point for seating pile into weak rock.
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used for penetrating rocks or for splitting cemented soil layers. The shoe (Figure 2.7¢) serves
to protect the pointed end of the pile.

Where piles are to be driven to refusal on a sloping hard rock surface, the Oslo point
(Figure 2.7d) is desirable. This is a hollow-ground hardened steel point. When the pile is
judged to be nearing the rock surface, the hammer drop is reduced and the pile point is
seated on to the rock by a number of blows with a small drop. As soon as there is an indi-
cation that a seating has been obtained, the drop can be increased and the pile driven to
refusal or some other predetermined set. The Oslo point was used on the piles illustrated in
Figure 2.5b, which were driven on to hard rock at the site of the Whitegate Refinery, Cork.
A hardened steel to BS 970 with a Brinell hardness of 400-600 was employed. The 89 mm
point was machined concave to 12.7 mm depth and embedded in a chilled cast-iron shoe.
Flame treatment of the point was needed after casting into the shoe to restore the hardness
lost during this operation.

The strict requirements imposed by BS EN 12699 and BS EN 12794 mean that pre-
cast and prestressed piles are now usually made in factory conditions using precision steel
moulds on firm reinforced concrete beds. Distortion in timber forms and when tier cast-
ing (Figures 2.8 and 2.9) and the difficulty in squaring the drive end can then be elimi-
nated. Moulds can be stripped as soon as crushing tests on cylinders/cubes (cured using
the same methods as for the pile) indicate that the piles have reached 60% of the required
28-day strength. For example, Aarsleff Piling produced 600 mm square precast piles up to
14.3 m long for the Channel Tunnel Rail Link (CTRL) using purpose-built steel moulds
in their factory in Newark. The sides of the moulds were locked together using a combi-
nation of cams and hydraulic rams which, after the concrete had reached an initial set of
24-28 N/mm? in 21 h, were operated to release the 12.5 tonne pile. A typical steel mould
is shown in Figure 2.10.

There are situations when it is appropriate to set up pile production on a construction
site, for example where established factories are remote from the site, where the number of
piles justifies the costs of setting up a casting yard, or where there are transportation restric-
tions. In Bangkok, 17,000 x 500 mm diameter prestressed, precast hollow cylindrical piles,
10-14 m long with 100 mm thick wall, were required for the depot of the new Mass Rail
Transit system®?, A casting yard was established adjacent to the site to fabricate the pile ele-
ments, using centrifugal spinning and 24 h autoclave curing followed by a period of ambient
wet curing to give minimum strength of 50 N/mm?. At peak production, 19 rigs were on-site
driving 95 piles per day. Another type of prestressed pile was used for the Oosterschelde
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Figure 2.10 Steel moulds in pile casting yard.

Bridge in the Netherlands. Here, 4 m diameter prestressed concrete cylinder piles were made
as vertically cast segments and then joined longitudinally to form 60 m long piles for instal-
lation by crane barge and caisson-sinking methods.

All precast piles should be clearly marked with a reference number, length and date of
casting at or before the time of lifting, to ensure that they are driven in the correct sequence.
Timber bearers should be placed between the piles in the stacks to allow air to circulate
around them. They should be protected against too-rapid drying in hot weather by covering
the stack with a tarpaulin or polyethylene sheeting. Care must be taken to place the bearers
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Figure 2.11 Misplaced packing in stacks of precast concrete piles.

only at the lifting positions, as, if they are misplaced, there could be a risk of excessive bend-
ing stresses developing and cracking occurring (Figure 2.11).

One of the principal problems associated with precast concrete piles is unseen breakage
due to hard driving conditions. Jointed precast concrete piles when driven through soft or
loose soils on to hard rock are particularly susceptible to damage. On some sites, the rock
surface may slope steeply, causing the piles to deviate from a true line and break into short
sections near the toe. Accumulations of boulders over bedrock can also cause the piles to
be deflected with consequent breakage. Where such conditions are expected, it is advisable
to provide a central inspection hole in test piles and sometimes in a proportion of the work-
ing piles. A check for deviation of the pile from line can be made by lowering a steel tube
down the hole. If the tube can be lowered to the bottom of the hole under its own weight,
the pile should not be bent to a radius which would impair its structural integrity. If the
tube jams in the hole, an inclinometer is used to record the actual deviation and hence to
decide whether or not the pile should be rejected and replaced. The testing tube also detects
deviations in the position or alignment of a jointed pile with a central hole. Deviation from
the production straightness of the axis of the pile should be limited to a maximum of 0.2%
of the pile length.

Breakages are due either to tensile forces caused by easy driving with too light a hammer
in soft or loose soils or to compressive forces caused by driving with too great a ham-
mer drop on to a pile seated on a hard stratum; in both situations, the damage occurs in
the buried portion of the pile. In the case of compression failure, it occurs by crushing or
splitting near the pile toe. Such damage is not indicated by any form of cracking in the
undriven portion of the pile above ground level. The use of the PDA will assist in determin-
ing actual stresses along the pile (Figure 7.3b) for comparison with the calculated stresses;
remedial actions then include changing the hammer, reducing the stroke and changing the
cushioning.

The precautions for driving precast concrete piles are described in Section 3.4.2, and the
procedures for bonding piles to caps and ground beams and lengthening piles are described
in Sections 7.6 and 7.7.

2.2.3 Jointed precast concrete piles

The disadvantages of having to adjust the lengths of precast concrete piles either by cutting
off the surplus or casting on additional lengths to accommodate variations in the depth to
a hard bearing stratum will be evident. These drawbacks can be overcome by employing
jointed piles in which the adjustments in length can be made by adding or taking away short
lengths of pile which are jointed to each other by devices capable of developing the same
bending and tensile resistance as the main body of the pile. BS EN 12794 defines pile joints
in four classes, Class A to Class D, depending on whether the pile is used in compression,
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Table 2.5 Dimensions and properties of square section piles
as manufactured by Balfour Beatty Ground Engineering
in the United Kingdom

Square section (mm)  Maximum section length (m)  Typical applied load (kN)

190 8 350
235 14 500
270 15 800
350 13.5 1200

Note: Resistance to applied load is dependent on dimensions of pile and soil
properties.

tension or bending and the impact load test to be applied to verify the static design calcula-
tions. If the pile joint satisfies the impact and bending tests, then the ultimate capacity of the
joint is ‘identical’ to the calculated static bearing capacity. A segment length is chosen for
the initial driving which is judged to be suitable for the shallowest predicted penetration in
a given area. Additional lengths are locked on if deeper penetrations are necessary or if very
deep penetrations requiring multiples of the standard lengths are necessary. It is possible to
drive the jointed piles to 40 m in soft ground.

Balfour Beatty Ground Engineering produces and installs typical Class 1 precast piles in
a range of segment lengths and square sections as shown in Table 2.5 normally in C45/55
concrete. The precast concrete units are locked together by a steel bayonet-type joint to
obtain the required bending and tensile resistance, and a rock shoe incorporating an Oslo
point may be used (Figure 2.7d).

Other types of jointed precast concrete piles include the Centrum pile manufactured
and installed by Aarsleff Piling in the United Kingdom using C40/50 concrete and rigid
welded reinforcement cages in varying lengths from 4 to 13 m in square sections from 200
to 400 mm. Lengths greater than 4 m for the 200 and 250 mm sections can be jointed using
a single locking pin driven horizontally into locking rings in the joint box. The multi-lock
ABB joint with four bayonet locking pins is used for the larger sections and provides a degree
of pretensioning to the joint (Figure 2.12). Depending on the length, section and joint used
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Figure 2.12 Typical locking pin joint for precast concrete pile.
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and the ground conditions, capacities up to 1200 kN in compression and 180 kN in tension
are possible. In addition to the above-mentioned 14.3 m long 600 mm square piles, Aarsleff
produced 600 mm square jointed segmental piles up to 3.5 m long for low-headroom work
on CTRL.

RB precast square concrete piles with a single central bar (as Class 2 given earlier) are
made and installed by Roger Bullivant Ltd. They are available in a range of capacities
(depending on ground conditions) from 200 kN for the nominal 150 mm square section to
1200 kN for the 355 mm square pile, in lengths of 1.5, 3 and 4 m. The standard joint for the
limited tensile and bending capability is a simple spigot and socket type bonded with epoxy
resin with each pile length bedded on a sand/cement mortar. Special joints (such as the
Emeca joint) and pile reinforcement can be provided as needed to resist bending moments
and tension forces.

Precast concrete piles which consist of units joined together by simple steel end plates
with welded butt joints are not always suitable for hard driving conditions or for driv-
ing on to a sloping hard rock surface. Welds made in exposed site conditions with the
units held in the leaders of a piling frame may not always be sound. If the welds break
due to tension waves set up during driving or due to bending caused by any deviation
from alignment, the pile may break up into separate units with a complete loss of bearing
resistance (Figure 2.13). This type of damage can occur with keyed or locked joints when
the piles are driven heavily, for example in order to break through thin layers of dense
gravel. The design of the joint is, in fact, a critical factor in the successful employment
of these piles, and tests to check bending, tension and compression capabilities should
be carried out for particular applications. However, even joints made from steel castings
require accurate contact surfaces to ensure that stress concentrations are not transferred
to the concrete.

Figure 2.13 Unseen breakage of precast concrete piles with welded butt joints.
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Figure 2.14 Presscore pile. (Courtesy of Abbey Pynford Foundation Systems Ltd., Watford, England.)

The Presscore pile developed and installed by Abbey Pynford PLC is a jointed precast
concrete pile consisting of short units which are jacked into the soil. The concrete in the pile
units and precast pile cap is 60 N/mm?, and a reinforcing bar can be placed through the cen-
tre of the units (Figure 2.14). On reaching the required bearing depth, the annulus around
the pile is grouted through ports in the units. The use of jacked-in piles for underpinning
work is described in Chapter 9.

A high-strength cylindrical precast pile, 155 mm diameter and 1 m long, was developed
in Canada for underpinning a 90-year-old building in Regina>1%. The segments were cast
using steel fibre-reinforced concrete with a 28-day compressive strength of 90 N/mm? and
steel fibre content of 40 kg/m3. Each segment was reinforced with four steel wires (9 mm)
welded to a steel wire circumferential coil. Recesses were provided at each end of the seg-
ment and stainless steel rods connected each segment to form the joint. Hydraulic jacks with
a capacity of 680 kN reacted against a new pile cap, and as each segment was jacked down,
the next segment was screwed and tensioned on to the connecting rod. The required 600 kN
pile capacity was achieved at depths ranging from 11 to 13 m.

2.2.4 Steel piles

Steel piles have the advantages of being robust, easy to handle, capable of carrying high
compressive loads when driven on to a hard stratum, and capable of being driven hard to
a deep penetration to reach a bearing stratum or to develop a high frictional resistance,
although their cost per metre run is high compared with precast concrete piles. They can
be designed as small-displacement piles, which is advantageous in situations where ground
heave and lateral displacement must be avoided. They can be readily cut down and extended
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Figure 2.15 Box piles using Z-sheet pile sections in fabrication yard. (Courtesy of Maxx Piling Ltd.,
Shenfield, UK\)

where the level of the bearing stratum varies; also the head of a pile which buckles during
driving can be cut down and re-trimmed for further driving. They have a good resilience
and high resistance to buckling and bending forces.

Types of steel piles include plain tubes, box sections, box piles built up from sheet piles,
H-sections and tapered and fluted tubes. Hollow-section piles can be driven with open ends
as Figure 2.15. If the base resistance must be eliminated when driving hollow-section piles
to a deep penetration, the soil within the pile can be cleaned out by grabbing, by augers,
by reverse water-circulation drilling or by airlift (see Section 3.4.3). It is not always neces-
sary to fill hollow-section piles with concrete. In normal undisturbed soil conditions, they
should have an adequate resistance to corrosion during the working life of a structure, and
the portion of the pile above the seabed in marine structures or in disturbed ground can be
protected by cathodic means, supplemented by bituminous or resin coatings (Section 10.4).
Concrete filling may be undesirable in marine structures where resilience, rather than rigid-
ity, is required to deal with bending and impact forces.

Where hollow-section piles are required to carry high compressive loads, they may be
driven with a closed end to develop the necessary end-bearing resistance over the pile
base area. Where deep penetrations are required, they may be driven with open ends
and with the interior of the pile closed by a stiffened steel plate bulkhead located at a
predetermined height above the toe. An aperture should be provided in the bulkhead for
the release of water, silt or soft clay trapped in the interior during driving. In some cir-
cumstances, the soil plug within the pile may itself develop the required base resistance
(Section 4.3.3).

The facility of extending steel piles for driving to depths greater than predicted from
soil investigation data has already been mentioned. The practice of welding on additional
lengths of pile in the leaders of the piling frame is satisfactory for land structures where
the quality of welding may not be critical, but testing should be carried out as required in



32 Pile design and construction practice

BS EN 12699. A steel pile supported by the soil can continue to carry high compressive
loads even though the weld is partly fractured by driving stresses. However, this practice is
not desirable for marine structures where the weld joining the extended pile may be above
seabed level in a zone subjected to high lateral forces and corrosive influences. Conditions
are not conducive to first-class welding when the extension pile is held in leaders or guides
on a floating vessel or on staging supported by piles swaying under the influence of waves
and currents. It is preferable to do all welding on a prepared fabrication bed with the pile
in a horizontal position where it can be rotated in a covered welding station. The piles
should be fabricated to cover the maximum predicted length and any surplus length cut
off rather than be initially of only medium length and then be extended. Cut-off portions
of steel piles usually have some value as scrap, or they can be used in other fabrications.
However, there are many situations where in situ welding of extensions cannot be avoided.
The use of a stable jack-up platform (Figure 3.7) from which to install the piles is then
advantageous.

Long lengths of steel tubular piles for offshore petroleum production platforms can
be handled in a single length on large crane barges. Where this is not practical, they can
be driven by underwater hammers, but for top-driven sectional piles, a pile connector is
a useful device for joining lengths of pile without the delays which occur when making
welded joints. The Frank’s Double Drive Shoulder Connector (Figure 2.16) was devel-
oped in the United States for joining and driving lengths of oil well conductor pipe and
can be adapted for making connections in piles up to 914 mm diameter. It is a pin and
box joint which is flush with the outside diameter (OD) and inside diameter (ID) of the
pile, with interlocking threads which pull the pin and box surfaces together. The joint is
usually welded on to the steel pipe, not formed on the pipe ends. Long steel tubular piles
driven within the tubular members of a jacket-type structure are redundant above their
point of connection by annular grouting to the lower part of the tubular sleeve. This
redundant part of the pile, which acts as a follower for the final stages of driving, can be
cut off for reuse.

Where large steel tubular piles need to be spliced to drive below ground level and are
required to carry compressive loads only, splicing devices such as those manufactured
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Figure 2.16 Schematic arrangement of Frank’s Double Drive Shoulder Connector.
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by the Associated Pile and Fitting Corporation of the United States (APF) or Dawson
Construction Plant in the United Kingdom can be used. The splicer consists of an external
collar which is slipped on to the upper end of the pile section already driven and is held
in position by an internal lug. The next length of pile is then entered into the collar and
driven down. The APF splicer can also be used for cylindrical precast piles. Splicers are
also available for H-piles in compression and consist of a pair of channel sections set on
the head of the pile length already driven to act as a guide for placing and then welding on
the next length.

Steel tubular piles are the preferred shape when soil has to be cleaned out for subsequent
placement of concrete, since there are no corners from which the soil may be difficult to
dislodge by the cleaning out. They are also preferred for marine structures where they can
be fabricated and driven in large diameters to resist the lateral forces in deep-water struc-
tures. The circular shape is also advantageous in minimising drag and oscillation from
waves and currents (Sections 8.1.3 and 8.1.4). The hollow section of a tubular pile is also
an advantage when inspecting a closed-end pile for buckling. A light can be lowered down
the pile and if it remains visible when lowered to the bottom, no deviation has occurred. If
a large deviation is shown by complete or partial disappearance of the light, then measures
can be taken to strengthen the buckled section by inserting a reinforcing cage and placing
concrete.

Steel tubes are manufactured to order in Britain by Deepdale Engineering in a range of
ODs up to 4000 mm in standard carbon steel and high-tensile steels to BS EN 10025-2 with
wall thickness from 10 to 50 mm. ArcelorMittal produces a standard range of piles up to
3 m diameter and 25 mm wall thickness and up to 53 m long (without splices). The tubes
are manufactured as either seamless, spirally welded or longitudinally welded units. There
is nothing to choose between the latter two types from the aspect of strength to resist driv-
ing stresses. In the spiral welding process, the coiled steel strip is continuously unwound
and spirally bent cold into the tubular. The joints are then welded from both sides. In the
longitudinally welding process, a steel plate is cut and bevelled to the required dimensions
and then pressed or rolled into tubular form and welded along the linear joints. The spi-
ral method has the advantage that a number of different sizes can be formed on the same
machine, but there is a limitation on the plate thickness that can be handled by particular
machines. There is also some risk of weld unzipping from the pile toe under hard driving
conditions. This can be prevented by a circumferential shoe of a type described below. Piles
driven in exposed deep-water locations are fabricated from steel plate in thicknesses up to
62 mm by the longitudinal welding process. Special large-diameter piles can be manufac-
tured by the process.

Economies in steel can be achieved by varying the wall thickness and quality of the steel.
Thus, in marine structures, the upper part of the pile can be in mild steel which is desirable
for welding on bracing and other attachments; the middle section can be in high-tensile steel
with a thicker wall where bending moments are greatest, and the lower part, below seabed,
can be in a thinner mild steel or high-tensile steel depending on the severity of the driving
conditions. The 1.3 m OD steel tubular piles used for breasting dolphins for the Abu Dhabi
Marine Areas Ltd. tanker berth at Das Island were designed by BP to have an upper section
24 mm in thickness, a middle section 30 mm in thickness, and a lower section of 20 mm in
thickness. The overall length was 36.6 m. As an economic alternative to tubular steel piles
for turbine bases at a wind farm on a reinstated open-cast coal site in County Durham,
Aarsleff installed 36 340 mm OD recycled, high-grade oil well casings through unpredict-
able backfill to toe into sandstone bedrock at each base. The additional stiffness of the cas-
ings allowed the use of a 4 tonne accelerated impact hammer to overcome obstructions to



34 Pile design and construction practice

Table 2.6 Dimensions and nominal applied loads for typical concrete-filled
cased piles using light-gauge tubes

Internal Area of concrete  Typical capacity (kN)  Typical capacity (kN)
diameter (mm?) (mm?) for ordinary soil® for rock®

254 50,670 150 200

305 72,960 300 350460

356 99,300 400 500-650

406 129,700 500 600-850

457 164,100 650 800-1,000
508 202,700 800 1,000-1,300
559 245,200 1,000 1,250

610 291,800 1,200 1,500

2 Ordinary soil — sand, gravel or very stiff clay.
® Rock, very dense sand or gravel, very hard marl or hard shale.

driving and achieve a set of 25 mm in 10 blows. Sections of the threaded and collared casing
could be joined to produce the maximum depth of 21 m.

Light spirally welded mild steel tubular piles in the range of sizes and typical capacity
listed in Table 2.6 are widely used for lightly loaded structures, usually driven by a drop
hammer acting on a plug of concrete in the bottom of the pile (see Section 3.2). These piles,
known as cased piles, are designed to be filled with concrete after driving. Extension tubes
can be welded to the driven length to increase penetration depth. Roger Bullivant Ltd. pro-
vides thicker wall tubes for cased piles from 125 to 346 mm diameter with up to 10 mm wall
section for top driving of the pile. If piles have to be spliced, a special compression joint is
needed for driving. Pile capacities claimed range from 350 to 1250 kN depending on ground
conditions. In countries where heavy timbers are scarce, cased piles have replaced timber
piling for temporary stagings in marine or river work. Here, the end of each pile is closed by
a flat mild steel plate welded circumferentially to the pile wall.

Concrete-filled steel tubular piles need not be reinforced unless required to carry uplift or
bending stresses which would overstress a plain concrete section cast in the lighter gauges
of steel. Continuity steel is usually inserted at the top of the pile to connect with the ground
beam or pile cap.

Steel box piles are fabricated by welding together trough-section sheet piles such as the
CAZ and CAU sections made by ArcelorMittal in double, triple or quadruple combinations
or using specially rolled trough plating. Larssen U-section piles and Hoesch Z-sections,
both rolled by Hoesch, are also suitable for box piles. The types fabricated from sheet
piles are useful for connection with sheet piling forming retaining walls, for example to
form a wharf wall capable of carrying heavy compressive loads in addition to the normal
earth pressure. However, if the piles rotate during driving, there can be difficulty in making
welded connections to the flats. Plain flat steel plates can also be welded together to form
box piles of square or rectangular section.

The MV pile consists of either a steel box section (100 mm) or H-section fitted with an
enlarged steel shoe to which a grout tube is attached. The H-pile is driven with a hammer or
vibrator, while grout is injected at the driving shoe. This forms a fluidised zone along the pile
shaft and enables the pile to be driven to the deep penetration required for their principal
use as anchors to retaining walls. The hardened grouted zone around the steel provides the
necessary frictional resistance to enable them to perform as anchors.
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H-section piles, hot rolled in the United Kingdom to BS 4-1 as universal bearing piles
(Figure 2.20a), have a small volume displacement and are suitable for driving in groups at
close centres in situations where it is desired to avoid substantial ground heave or lateral
displacement. The Steel Construction Institute’s H-Pile Design Guide, 2005,%'V is based
on limit state design as provided in the Eurocodes and, in addition to describing H-piles in
detail, makes reference to the offshore industry’s recommended practice for steel tubular
piles based on North Sea experience as described in the ICP Design Methods for Driven
Piles in Sands and Clays (see Section 4.3.7).

Corus (part of the Tata Group) produces a range of broad flange H-piles in sizes from
203 mm x 203 mm x 45 kg/m to 356 mm x 358 mm x 174 kg/m; the ArcelorMittal HP
range is similar. They can withstand hard driving and are useful for penetrating soils
containing cemented layers and for punching into rock. Their small displacement makes
them suitable for driving deeply into loose or medium-dense sands without the tighten-
ing of the ground that occurs with large-displacement piles. They were used for this
purpose for the Tay Road Bridge pier foundations, where it was desired to take the piles
below a zone of deep scour on the bed of the Firth of Tay. Test piles 305 x 305 mm in
section were driven to depths of up to 49 m entirely in loose becoming medium-dense to
dense sands, gravels, cobbles and boulders, which is indicative of the penetrating ability
of the H-pile.

The ability of these piles to be driven deeply into stiff to very stiff clays and dense
sands and gravels on the site of the Hartlepool Nuclear Power Station is illustrated in
Figure 2.17. On this site, driving resistances of 355 x 368 mm H-piles were compared
with those of precast concrete piles of similar overall dimensions. Both types of pile were
driven by a Delmag D-25 diesel hammer (see Table 3.4). Although the driving resistances
of both types were roughly the same to a depth of about 14 m (indicating that the ends
of the H-piles were plugged solidly with clay) at this level, the heads of the concrete piles
commenced to spall and they could not be driven below 14.9 m, whereas the H-piles were
driven on to 29 m without serious damage, even though driving resistance had increased
to 0.5 mm/blow at the end of driving. Three of the H-piles were loaded to 3000 MN
without failure, but three of the precast concrete piles failed at test loads of between 1100
and 1500 MN.

Because of their relatively small cross-sectional area, H-piles cannot develop a high
end-bearing resistance when terminated in soils or in weak or broken rocks. In Germany
and Russia, it is frequently the practice to weld short H-sections on to the flanges of the
piles near their toes to form winged piles (Figure 2.18a). These provide an increased cross-
sectional area in end bearing without appreciably reducing their penetrating ability. The
bearing capacity of tubular piles can be increased by welding T-sections onto their outer
periphery when the increased capacity is provided by a combination of friction and end
bearing on the T-sections (Figure 2.18b). This method was used to reduce the penetration
depth of 1067 mm OD tubular steel piles used in the breasting dolphins of the Marine
Terminal in Cromarty Firth. A trial pile was driven with an open end through 6.5 m of
loose silty sand for a further 16 m into a dense silty sand with gravel and cobbles. The
pile was driven by a MENCK MRB 1000 single-acting hammer with a 1.25 m drop of
the 10 tonne ram. It will be seen from Figure 2.19 that there was only a gradual increase
in driving resistance finishing with the low value of 39 blows/200 mm at 22.6 m penetra-
tion. The pile was then cleaned out and plugged with concrete but failed under a test load
of 6300 kN.

It was evident from the driving records that the plain piles showed little evidence of devel-
oping base resistance by plugging and would have had to be driven much deeper to obtain
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Figure 2.17 Comparison of driving resistances of 355 x 355 mm precast concrete piles and 355 x 368 mm
H-section piles driven into glacial clays, sands and gravels in Hartlepool Nuclear Power Station.

the required bearing capacity. In order to save the cost and time of welding on additional
lengths of pile, it was decided to provide end enlargements in the form of six 0.451 x 0.303 x
7.0 m long T-sections welded to the outer periphery in the pattern shown in Figure 2.18b.
The marked increase in driving resistance of the trial pile is shown in Figure 2.19. The final
resistance was approaching refusal at 194 blows/200 mm at 19 m below seabed. The winged
pile did not fail under the test load of 6300 kN.



Types of pile 37

Tubular pile

-

==

T-sections cut from
H-section pile

@ (b)

Figure 2.18 Increasing the bearing capacity of steel piles with welded-on wings (a) H-section wings welded
to H-section pile and (b) T-section wings welded to tubular pile.

A disadvantage of the H-pile is a tendency to bend about its weak axis during driving. The
curvature may be sharp enough to cause failure of the pile in bending. From his research,
Bjerrum®?'? recommended that any H-pile having a radius of curvature of less than 366 m
after driving should be regarded as incapable of carrying load. A further complication arises
when H-piles are driven in groups to an end bearing on a dense coarse-grained soil (sand
and gravel) or weak rock. If the piles bend during driving so that they converge, there may
be an excessive concentration of load at the toe and a failure in end bearing when the group
is loaded. A deviation of about 500 mm was observed of the toes of H-piles after they had
been driven only 13 m through sands and gravels to an end bearing on sandstone at Nigg
Bay in Scotland. Such damage can be limited by careful monitoring during driving using a
PDA. EC3-5 defines the slenderness criteria for assessing buckling where the soil does not
provide sufficient lateral restraint.

The curvature of H-piles can be measured by welding a steel angle or channel to the
web of the pile. After driving, an inclinometer is lowered down the square-shaped duct to
measure the deviation from the axis of the pile. This method was used by Hanna®13 at
Lambton Power Station, Ontario, where 305 and 355 mm H-piles that were driven through
46 m of clay into shale had deviated 1.8-2.1 m from the vertical with a minimum radius of
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Figure 2.19 Comparison of driving resistance of open-ended plain and winged tubular steel piles at Britoil
Tanker Terminal, Cromarty Firth.

curvature of 52 m. The piles failed under a test load, and the failure was attributed to plastic
deformation of the pile shaft in the region of maximum curvature.

H-piles can be spliced on-site, either horizontally prior to installation to produce the
desired length or to extend a driven section, using 100% butt weld to ensure full develop-
ment of the strength of the section. End preparation using oxy-cutting to form either V or
X bevels depending on alignment is usually acceptable?4), The reuse of extracted H-piles
is allowed under BS EN 12699, provided that the material complies with the design require-
ments, particularly in respect of durability and being undamaged.

Peine piles are broad-flanged H-sections rolled by Hoesch with bulbs at the tips of the
flanges (Figure 2.20b). Loose clutches (‘locking bars’) are used to interlock the piles into
groups suitable for dolphins or fenders in marine structures. They can also be interlocked
with the Hoesch—Larssen sections to strengthen sheet pile walls. The ArcelorMittal HZ
piles have tapered flange tips for interlocking.

The Monotube pile fabricated by the Monotube Pile Corporation of the United States
is a uniformly tapering hollow steel tube. It is formed from steel which is cold-worked to
a fluted section having a tensile yield strength of 345 N/mm? or more. The strength of the
fluted section is adequate for the piles to be driven from the top by hammer without an
internal mandrel or concrete filling. The tubes have a standard tip diameter of 203 mm,
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Figure 2.20 Types of H-section steel piles. (a) Universal bearing pile (UK, European and US manufacture).
(b) Peine pile (Hoesch).

and the shaft diameter increases to 305, 356, 406 or 457 mm at rates of taper which can be
varied to suit the required pile length. An upper section of uniform diameter can be fitted
(Figure 2.21), which is advantageous for marine work where the fluted section has satis-
factory strength and resilience for resisting wave forces and impact forces from small- to
medium-size ships. The tubes are fabricated in 3, 5, 7 and 9 gauge steel, and taper lengths
can be up to 23 m. The heavier gauges enable piles to be driven into soils containing obstruc-
tions without the tearing or buckling which can occur with thin steel shell piles.

The Soilex system, developed in Sweden, uses the patented expander body to form an
enlarged bulb to displace and compact the soil. The expander body consists of a thin folded
sheet metal tube which, after insertion into the soil, is inflated by injecting concrete or grout
under controlled pressure to form a bulb 5-10 times the original diameter. Installation
may be by conventional drilling, driving, jacking or vibration methods or placement in a
preformed hole, the pile shaft geometry above the bulb being determined by the method

Uniform
section

Tapered
section

203 mm (8")
tip diameter

Figure 2.21 Union Monotube pile. (Union Metal Manufacturing Co., Canton, OH.)
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of installation. The tube dimensions before expansion range from 70 to 110 mm square
up to 3 m long which following inflation provides end-bearing areas of 0.12-0.5 m?. In
Borgasund, Sweden, fifty-seven 11 m long Soilex piles using a 110 mm expander body
welded to 168 mm diameter thick-walled tube were installed by a vibrator in a predrilled
hole in medium-dense sand below new railway bridge abutments. Approximately 0.5 m3 of
concrete was used to inflate the expander body to form an 800 mm diameter bulb produc-
ing a pile which had an estimated ultimate capacity of 1100 kN, limited by the strength of
the concrete-infilled steel shaft. The system is also useful for underpinning where short piles
are appropriate and as tension ground anchors; in all cases, the spacing of piles is critical to
avoid interference.

2.2.5 Shoes for steel piles

No shoes or other strengthening devices at the toe are needed for tubular piles driven with
open ends in easy to moderately easy driving conditions. Where open-ended piles have to be
driven through moderately resistant layers to obtain deeper penetrations or where they have
to be driven into weak rock, the toes should be strengthened by welding on a steel ring. The
internal ring (Figure 2.22a) may be used where it is necessary to develop the full external
frictional resistance of the pile shaft. An external ring (Figure 2.22b) is useful for reducing
the friction to enable end-bearing piles to be driven to a deep penetration, but the uplift
resistance will be permanently reduced. Hard driving through strongly resistant layers or
to seat a pile onto a rock may split or tear the ring shoe of the type shown in Figure 2.22a
and b. For hard driving, it is preferable to adopt a welded-on thick plate shoe designed so
that the driving stresses are transferred to the parent pile over its full cross-sectional area
(Figure 2.22c¢).

A shoe of this type can be stiffened further by cruciform steel plates (Figure 2.23a).
Buckling and tearing of an external stiffening ring occurred when 610 mm OD steel tube
piles were driven into the sloping surface of strong limestone bedrock (Figure 2.23b).

Steel box piles can be similarly stiffened by plating unless they have a heavy wall thick-
ness such that no additional strengthening at the toe is necessary. Steel tubular or box piles
designed to be driven with closed ends can have a flat mild steel plate welded to the toe
(Figure 2.24a) when they are terminated in soils or weak rocks. The flat plate can be stiff-
ened by vertical plates set in a cruciform pattern. Where they are driven on to a sloping hard
rock surface, they can be provided with Oslo points as shown in Figure 2.24b.

T~ — —  — le— Main pile
Welds e Weld
_________ e— Shoe
Bevelled end
Welds

(@) (b) (c)

Figure 2.22 Strengthening toe of steel tubular piles. (a) Internal stiffening ring. (b) External stiffening ring.
(c) Thick plate shoe.
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Figure 2.23 (a) Strengthening shoe of tubular steel pile by cruciform plates. (b) Buckling and tearing of
welded-on external stiffening ring to tubular steel pile driven onto sloping rock surface.
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Figure 2.24 Shoes for steel piles. (a) Flat plate for tubular or box pile. (b) Oslo point for H-section pile.

Steel H-piles may have to be strengthened at the toe for situations where they are to
be driven into strongly cemented soil layers or soil containing cobbles and boulders. The
strengthening may take the form of welding on steel angles (Figure 2.25a) or purpose-made
devices such as the Pruyn Point manufactured in the United States by APF (Figure 2.25b).
Dawson Construction Plant Ltd. manufactures a range of shoes for steel and timber piles.

2.2.6 Yield stresses for steel piles

As with other Eurocodes, EC3 makes no reference to allowable working stresses. Nominal
and ultimate yield strengths applicable to steel bearing piles are those for steel structures
generally given in Table 3.1 of EC3-1-1 and the BS ENs noted in Tables 2.7 through 2.9.
EC3-5 (for steel piling) refers to EC3-1-1 for the strengths of bearing piles, but the GP grades
provided for steel sheet pile sections quoted in EC3-5 are different from EC3-1-1, which must
be noted when designing box piles. These nominal values should be used as the characteristic
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Figure 2.25 Strengthening toe of H-section pile. (a) Welded-on steel angles. (b) Pruyn Point. (Associated
Pile and Fitting Corporation, Parsippany, NJ.)

Table 2.7 Summary of BS EN codes for the production and composition of steel
and manufacture of steel sections by hot rolling and cold forming
which apply to bearing and sheet pile design

BS EN Type of non-alloy steel Use in piles
10024:1995 Hot-rolled structural steel Taper flange |-sections
10025-2:2004 Hot-rolled structural steel Tubular and H-piles

10210-1:2006  Hot-finished structural hollow sections  Tubular piles
10219-1:2006  Cold-formed welded hollow sections Tubular piles

10248-1:1996  Hot-rolled sheet piling Sheet piles/box piles
10249-1:1996  Cold-formed sheet piling Sheet piles/box piles
10025-6:2004  Hot-rolled structural steel flats Pile bracing

Table 2.8 Summary of BS EN 10027 rules for designating the type and yield
strength of steels in the above standards and the abbreviated
identification code

Type Description

S Structural steel

E Engineering steel

275 and 355 Minimum yield strength in N/mm?

4 Improved atmospheric corrosion resistance
N Normalised

Q Quenched and tempered

H Hollow section

G General purpose

P Sheet piles
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Table 2.9 Further series of designations required to describe the fracture toughness
of the steel in tension to resist impacts at normal and low temperature using
the Charpy V impact test values in Table 2.1 of EC3-1-10 as summarised

Subgrade JR Jo J2 K2 N NL
Charpy impact value 27 27)at0°C 27 ] at 40 ] at 40 ) at 27 ) at
at 20°C -20°C  -20°C >-20°C  >-50°C

Note: Different test temperatures are applied to sheet piles as EC3-5,Table 3.3.
The Charpy test is defined in BS EN ISO 148-1.

values in design calculations to determine stresses in steel piles using the partial factors in
EC3 National Annex, subject to the nominal thickness of the structural element (see Section
7.10). For example, S275 grade steel has a characteristic value of f, = 275 N/mm? for a nomi-
nal thickness <40 mm, but this reduces to 255 N/mm?2 for nominal thickness between 40 and
80 mm. For the tougher steels (see below), the reduction required in yield stress is greater for
thickness >40 mm. EC3-1-1 covers steel in the range S235 to S460.

The limitations on stress in BS EN 12699, Clause 7.7.3, apply to the calculated stress
in piles during driving. For steel piles, the calculated driving stresses are permitted to be
0.9 times the characteristic yield strength of the steel, and ‘these may be 20% higher than
the above values’ if the stresses are monitored during driving as noted for other driven
piles (this would imply a stress of 108% of the yield strength). The American Petroleum
Institute*13) (API) in specification RP2A states that the dynamic stresses during driving
should not exceed 80%—-90% of yield strength depending on specific circumstances such as
previous experience and confidence in the method of analysis.

The selection of a grade of steel for a particular task depends on the environmental condi-
tions as well as on the calculated stresses. For piles wholly embedded in the ground, or for
piles in river and marine structures which are not subjected to severe impact forces, par-
ticularly in tropical or temperate waters, a mild steel grade S275G (minimum yield strength
275 N/mm?) or a high-tensile steel S355G (minimum yield strength 355 N/mm?) is satisfac-
tory. Corus (Tata) produces hot-finished tubular sections suitable for general piling in grades
S355JOH and S355]J2H (for more exposed conditions). The ArcelorMittal cold-formed
tubular pile range is S235JRH to S460MH (M indicating ‘thermo-mechanically’ rolled),
with special grades to order for additional corrosion resistance. Steel grades for hot-rolled
sheet piles used to form box piles range from S240GP to S430GP. Tubular steel piles are also
produced to API SL21 grades X52 to X80.

Piles for deep-water platforms or berthing structures for large vessels are subjected to
high dynamic stresses from berthing impact and wave forces. In water at zero or sub-zero
temperatures, there is a risk of brittle fracture under dynamic loading, and the effects of
fatigue damage under large numbers of load repetitions and also of saltwater corrosion
need to be considered. The lowest service temperature to be taken into account for fracture
toughness in steel piles is ~15°C as given in the NA to EC3-5, and steels must be selected to
have a high impact value when tested at low temperatures as given previously. Steel grade
§235 is only produced in Charpy subgrades JR, JO and J2, whereas the higher grades can
be provided in the all the subgrades noted in Table 2.9. Piles or bracing members for deep-
water structures may be required to be fabricated from plates 30 mm or more in thickness.
The steel for such plates should have a brittle fracture resistance at low temperatures, and
note must be taken of the maximum thicknesses allowed in EC3-1-10 for each grade of steel
at normal and lower temperatures. High-tensile steel conforming to grades above $460Q
with mechanical and chemical properties superior to BS EN 10210 and a Charpy impact
value of 60 J at -50°C can be produced in order to meet these special requirements.
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2.3 DRIVEN AND CAST-IN-PLACE DISPLACEMENT PILES

2.3.1 General

Driven and cast-in-place piles are installed by driving to the desired penetration a heavy-
section steel tube with its end temporarily closed by a sacrificial end cap. A reinforcing
cage is placed in the tube which is then filled with concrete, either as the tube is withdrawn
or following withdrawal. Thin steel shell piles (similar to the preceding cased pile) are
driven by means of an internal mandrel, and concrete is placed in the permanent shells after
withdrawing the mandrel; reinforcement can be installed before or after concreting. The
driven concrete shell pile is no longer viable economically as a result of improved driving/
withdrawal plant for drive tube and steel shell methods.

Driven and cast-in-place piles have the principal advantage of being readily adjustable
in length to suit the desired depth of penetration. Thus, in the withdrawable-tube types,
the tube is driven only to the depth required by the ground conditions. Another advantage,
not enjoyed by all types of shell pile, is that an enlarged base can be formed at the toe.
BS EN 12699 gives specific procedures for concreting in dry tubes and allows the use of
a tremie pipe in clean wet conditions and, by implication, in stable bores where the drive
tube has been withdrawn. Some specifications forbid the use of a wholly uncased shaft
for all forms of driven and cast-in-place pile in conditions such as soft to firm clays or in
loose to medium-dense sands and materials such as uncompacted fill. These restrictions are
designed to prevent lifting of the concrete while pulling out the driving tube and squeez-
ing ‘waisting’ the unset concrete in the pile shaft where this is formed in soft clays or peat.
One of the techniques to avoid these problems is to insert permanent light-gauge steel shells
before placing the concrete and withdrawing the tube. Such expedients increase the cost of
the withdrawable-tube piles to the extent that their advantage in price over shell piles may
be wholly or partially lost. The soundness of the uncased type of pile depends on the skill
and integrity of the operatives manning the piling rig.

The withdrawable-tube or thin-shell pile types are unsuitable for marine structures, but
they can be employed in marine situations if they are extended above the seabed as columns
or piers in steel or precast concrete. As with all forms of driven pile, noise abatement pro-
cedures must be followed (Section 3.1.7). When driving heavy-duty thick-walled tubes in
urban environments, the cost advantages of the method can be negated.

When installing driven and cast-in-place piles in groups, it is advisable to limit the dis-
tance centre to centre of adjacent uncased piles to not less than 6 pile diameters until the
concrete has reached adequate strength. This distance should be increased if the undrained
shear strength of the soil is less than 50 kN/m?. Ground heave problems are considered in
Section 5.7.

2.3.2 Withdrawable-tube types

In conditions favourable for their employment, where the required penetration depth is
within the capability of the piling rig to pull out the tube and there are no restrictions on
ground heave or vibrations, withdrawable-tube piles can be installed more cheaply than any
other type of driven or bored pile for comparable capacities.

The installation methods for the various types of driven and cast-in-place piles described
in Construction Industry Research and Information Association (CIRIA) report PG1(2-16)
have changed in many respects as a result of the improved pulling capacity of mobile self-
erecting rigs (see Table 3.6) and cranage. The original pile of this type, the Franki pile,
employs an internal drop hammer (2-8 tonnes) acting on a plug of gravel or dry concrete at
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Figure 2.26 Stages in installing an open-ended Franki pile. (a) Driving piling tube. (b) Placing concrete in pil-
ing tube. (c) Compacting concrete in shaft. (d) Completed pile.

the bottom of a thick-walled drive tube, 248—610 mm diameter. The drive tube is carried
down with the plug until the required toe level is reached when the tube is restrained from
further penetration by rope tackle. The gravel plug and batches of dry concrete are then
hammered out to form a bulb or enlarged base to the pile. The full-length reinforcing cage
is inserted, followed by placing a semi-dry concrete in batches as the drive tube is pulled
out in stages. After each stage of withdrawal, the concrete is compacted by the internal
hammer (Figure 2.26). Depths up to 30 m have been achieved, capable of carrying loads up
to 2000 kN, subject to ground conditions. Franki piles may be raked up to 1:3 in special
cases, but insertion of the reinforcement and concrete needs careful control. Driving by
internal hammer and concreting in stages are slower than the top driving method on heavy-
duty tube. Hence, these techniques are used only when there are economic advantages, for
example when the enlarged base adds appreciably to the bearing capacity of the pile.

In a variation of the Franki technique, the gravel plug (or dry concrete plug) can be ham-
mered out at several intermediate stages of driving to form a shell of compact material
around the pile shaft. This technique is used in very soft clays which are liable to squeeze
inwards when withdrawing the tube. Composite Franki piles are formed by inserting a pre-
cast concrete pile or steel tube into the driving tube and anchoring it to the base concrete
plug by light hammer blows. The drive tube is then withdrawn.

In the now conventional withdrawable-tube pile, the thick-walled section tube has its
lower end closed by an expendable steel plate or shoe (capable of keeping out groundwater)
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and is driven from the top by a 5-tonne hydraulic hammer. On reaching the required toe
level, as predetermined by calculation or as determined by measurements of driving resis-
tance, the hammer is lifted off and a reinforcing cage is lowered down the full length of
the tube. A highly workable self-compacting concrete is then placed in the tube through a
hopper, and the tube raised by a hoist rope operated from the pile mast or frame and, where
needed, vibrating the tube. The tube may be filled completely with concrete before it is lifted
or it may be lifted in stages depending on the risks of the concrete jamming in the tube. The
length of the pile is limited by the ability of the rig to pull out the drive tube. This restricts
the length to about 20-30 m. Pile diameters range from 285 to 525 mm with load capacity
up to 1500 kN.

Although BS EN 12699 allows for unreinforced piles in certain ground conditions, a
full-length reinforcing cage is advisable in the driven and cast-in-place pile. It acts as a
useful tell-tale against possible breaks in the integrity of the pile shaft caused by arching
and lifting of the concrete as the tube is withdrawn. A shorter cage (4 m) may be used in
vertical piles, subject to the bending and tensile stresses in the pile, and inserted into the
wet concrete. Where reinforcement is designed, BS EN 12699 for driven displacement piles
generally follows BS EN 1536 requirements for bored piles (see Table 2.11). Minimum cover
should be 50 mm where the casing is withdrawn, 75 mm where reinforcement is installed
after concreting (or where subject to ground contaminants) and 40 mm where there is
permanent lining. The spacing of bars in the reinforcing cage should give ample space for
the flow of concrete through them. Transverse reinforcement should also be as stated in BS
EN 1536.

The problem of inward squeezing of soft clays and peats or of bulging of the shafts of piles
from the pressure of fluid concrete in these soils is common to cast-in-place piles both of the
driven and bored types. As noted earlier, a method of overcoming this problem is to use a
permanent light-gauge steel lining tube to the pile shaft. However, great care is needed in
withdrawing the drive tube to prevent the permanent liner being lifted with the tube. Even
a small amount of lifting can cause transverse cracks in the pile shaft of sufficient width to
result in excessive settlement of the pile head under the applied load. The problem is particu-
larly difficult in long piles when the flexible lining tube tends to snake and jam in the drive
tube. Also where piles are driven in large groups, ground heave can lift the lining tubes off
their seating on the unlined portion of the shaft. Snaking and jamming of the permanent
liner can be avoided by using spacers such as rings of sponge rubber.

In most cases, the annulus left outside the permanent liner after pulling the drive tube
will not close up. Hence, there will be no frictional resistance available on the lined por-
tion. This can be advantageous because downdrag forces in the zone of highly compressible
soils and fill materials will be greatly reduced. However, the ability of the pile shaft to carry
the applied load as a column without lateral support below the pile cap should be checked.
Problems concerned with the installation of driven and cast-in-place piles are discussed
further in Section 3.4.5.

Apart from the dry mix for the Franki pile as noted, the stresses on the shafts of these
piles are determined by the need to use easily workable self-compacting mixes. BS EN 12699
requires the rules on the concreting of bored piles using self-compacting concrete as stated
in BS EN 1536 to apply to all cast-in-place displacement piles unless otherwise specified. BS
8500 designates a self-compacting mix as S4, with a slump in the range of 180 + 30 mm and
cement content 2325 kg/m? to make allowances for possible imperfections in the concrete
placed in unseen conditions. Henderson et al.?1” in CIRIA Report C569 make recom-
mendations for the coarse and fine aggregates content. When semi-dry concrete is tamped
during installation, the concrete class should be at least C25/30 with a minimum cement
content of 350 kg/m?3.
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Table 2.10 Some typical load capacities for driven and
cast-in-place piles of various shaft diameters

Nominal shaft diameter (mm) Typical load capacity (kN)
300 350-500

350 450-700

400 600-900

450 8001000

500 1000-1400

600 1400-2000

The higher ranges in the Table 2.10 should be adopted with caution, particularly in dif-
ficult ground conditions.

The Vibrex pile installed by Fundex, Verstraeten BV, employs a diesel or hydraulic ham-
mer to drive the tube which is closed at the end by a loose sacrificial plate. An external ring
vibrator is then employed to extract the tube after the reinforcement cage, and concrete has
been placed. A variation of the technique allows an enlarged base to be formed by using
the hammer to drive out a charge of concrete at the lower end of the pile. The Vibrex pile is
formed in shaft diameters from 350 to 600 mm.

The speciality of the Vibro pile (not to be confused with the vibro concrete column in
Section 2.3.7) is the method used to compact the concrete in the shaft utilising the alternate
upward and downward blows of a hydraulic hammer on the driving tube. Once the drive
tube reaches the required level, the upward blow of the hammer operates on links attached
to lugs on top of the tube. This raises the tube and allows concrete to flow out. On the down-
ward blow, the concrete is compacted against the soil. The blows are made in rapid succes-
sion which keeps the concrete alive and prevents jamming of the tube as it is withdrawn.
Diameters up to 600 mm with 740 mm shoes are available.

2.3.3 Shell types

Types employing a metal shell generally consist of a permanent light-gauge steel tube in
diameters from 150 to 500 mm with wall thickness up to 6 mm and are internally bot-
tom driven by a drop hammer acting on a plug of dry concrete (care being taken not to
burst the tube). The larger-diameter tubes are usually fabricated to the estimated length
and handled into a piling frame with a crane. Smaller-diameter, spirally welded tube can
be manually placed on the rig leader and welded in sections to produce the required depth
during installation. On reaching the bearing layer, the hammer is removed, any reinforce-
ment inserted and a high slump (S4) concrete placed to produce the pile. Capacities up to
1200 kN are possible.

In France, cased piles varying in diameter from 150 to 500 mm are installed by welding
a steel plate to the base of the tubular section to project at least 40 mm beyond the outer
face of the steel. As the pile is driven down, a cement/sand mortar with a minimum cement
content of 500 kg/m? is injected into the annulus formed around the pile by the projecting
plate through one or more pipes having their outlet a short distance above the end plate. The
rate of injection of the mortar is adjusted by observing the flow of mortar from the annulus
at the ground surface. The steel section is designed to carry the applied load. The calculated
stress permitted of 160 N/mm? is higher than the value normally accepted for steel piles
using EN24-1 steel, because of the protection given to the steel by the surrounding mortar.
Steel H- or box sections can be given mortar protection in a similar manner.
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Figure 2.27 The TaperTube pile.

The TaperTube pile (Figure 2.27), a steel shell similar to the Monotube but without the
flutes, has been developed by DFP Foundation Products and Underpinning & Foundation
Constructors of the United States. It uses a heavier wall thickness of 9.5 mm in 247 N/mm?
grade hot-rolled steel to form a 12-sided polygon tapering from 609 to 203 mm at the cast-
steel point over lengths of 3-10 m. Where tube extensions are needed, the top of the polygon
can be formed into a circle for butt welding; this provides improved axial uplift resistance.
After top driving is completed, the tapered shell pile is filled with concrete. Ultimate bear-
ing capacities up to 4000 kN and lateral resistance to 200 kN have been determined in
pile tests.

Fibre-reinforced polymer and fibreglass composite tubes can be considered as shell piles
and, as they have high resistance to corrosion, rot and marine borers, are used for light
marine structures. They can be drilled, and in suitable soft soil, thick-walled 400 mm tubes
can be driven to depths of 20 m; they can have a steel tube core and be infilled with concrete
to improve bearing and compression resistance. Pearson Pilings of Massachusetts produces
fibreglass piles up to 400 mm diameter with claimed axial capacities up to 600 kN.

2.3.4 Stresses on driven and cast-in-place piles

A common feature of nearly all the driven and cast-in-place pile types is an interior fill-
ing of concrete placed in situ, which forms the main load-carrying component of the pile
(Table 2.10). Whether or not any load is allowed to be carried by the steel shell depends on
its thickness and on the possibilities of corrosion or tearing of the shell.

Structural design stresses in EC7 are required to conform to EC1, EC2, EC3 and EC4 for
the relevant material. The specified concrete strength grades in BS EN 12699 are C20/25 to
C45/55, as for bored piles. Depending on the installation method used, the reduction factors
noted for bored piles in Section 2.4: may need to be applied to allow for possible deficiencies
in workmanship during placing the concrete or reductions in section of the pile shaft due
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to ‘waisting’ or buckling of the shells. Where steel tubes or sections are used as part of the
load-carrying capability or reinforcement of the pile, BS EN 12699 requires EC4-1 rules to
be applied.

2.3.5 Rotary displacement auger piles

Auger displacement piles and screw piles are drilled piles, but the soil is displaced and
compacted as the auger head is rotated into the ground to form the stable pile shaft, with
little soil being removed from the hole. The methods were mainly developed in the 1960s
in Belgium from continuous flight auger techniques (see Section 2.4.3) and are now widely
available. The original proprietary system is the cast-in-place A#las pile in which the special
dual flight auger head is screwed into the ground on a thick-walled steel tube. The helical
shape of the pile shaft produced by screwing in the auger flange is maintained as the auger
is back-screwed to form a stable hole into which the reinforcement cage is placed prior to
concreting. Other proprietary rotary displacement piles such as the ScrewSol pile by Bachy
Soletanche (Figure 2.28a and b), which produces a helical flanged pile shaft in weak soils,
also use specially shaped augers on the end of the drill tube to compact the soil and inject
concrete. Reinforcement is generally inserted into wet concrete. The benefits of the tech-
nique are reduced spoil at the surface, improved pile shaft capacity and in certain conditions
reduced length and diameter for an equivalent bored pile.

The rotation of the auger flights on the end of the Omega cylindrical pile (Figure 2.29)
breaks up the soil which is then displaced laterally and compacted by the cylindrical body
above the auger. Concrete is injected at the auger base during extraction, and the reverse
flights above the compacting cylinder ensure the hole remains stable until the concrete sup-
ports the bore to form the pile.
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Figure 2.28 (a) The ScrewSol tapered auger and tight-fit follower tube. (b) Cleaned-off section of an exca-
vated ScrewSol pile.
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Figure 2.29 Omega displacement pile auger. (Courtesy of Malcolm Drilling Company, San Francisco, CA.)

The Fundex pile and the Tubex pile are forms of displacement pile. A helically screwed
drill point is held by a bayonet jointed to the lower end of the piling tube. The tube is then
rotated and forced down by hydraulic rams on the drill rig. On reaching founding level, a
reinforcing cage and concrete are placed in the tube which is then withdrawn leaving the
sacrificial drill point in the soil. The piling tube is left in place in the Tubex pile when used in
very soft clays to avoid waisting of the shaft. The tube can be drilled down in short lengths,
each length being welded to the one already in place. Thus, the pile is suitable for installa-
tion in conditions of low headroom, for example for underpinning work. This pile can also
be installed with simultaneous grout injection which leaves a skin of grout around the tube
and increases bearing capacity.

Rigs for the displacement auger piles are similar to the high-torque, instrumented CFA
pile units (Table 3.6), but the power required to install screw piles can be 20% greater than
that required for equivalent CFA piles; additional pull-down is usually necessary. As only a
small amount of material is removed as the auger is initially inserted, the screw pile is par-
ticularly useful for foundations in contaminated ground.

Design of displacement screw piles should be based on a detailed knowledge of the ground
using pressuremeter tests, cone penetration tests (CPT) and standard penetration tests (SPT)
and pile test data in the particular soil. Care is required in selecting the effective diameter
of the helical shaft for determination of shaft friction and end-bearing capacity. Bustamante
and Gianeselli®'®) have provided a useful simplified method of predetermining the carrying
capacity of helical shaft piles based on a series of tests and recommend that a design diam-
eter of 0.9 times the OD of the auger flange should be used for calculating both base and
shaft resistance for thin flanges. For thick flanges (say 40 mm deep, 75 mm wide), the OD
of the helix is appropriate. Depending on the ground conditions and the size of the helical
flanges formed, savings of 30% in concrete volume compared with the equivalent bored pile
are claimed. Typical pile dimensions are 500 mm outside auger diameter and 350 mm shaft
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diameter, and lengths of 30 m are possible. The technique is best suited to silty sands and
sandy gravels with SPT N-values between 10 and 30; for N > 50, there is likely to be refusal
with currently available rigs, and unacceptable heave and shearing can occur in clays.

Guidance on installation of displacement screw piles in BS EN 12699 is limited, but com-
prehensive trials of different types of pile at Limelette>!*) in Belgium during 2000 and 2002
in stiff dense sand, together with earlier trials in stiff clay, have produced significant data
on design, installation and performance of screw piles (including references to EC7 design
procedures and CPT testing). Two main conclusions were that the bearing capacity is of
similar magnitude as that for full displacement piles and the prediction of bearing capacity
was in good agreement with load tests, irrespective of the method used.

2.3.6 Helical plate screw piles

These piles, although not strictly speaking displacement piles, have been used for many
years to support light structures, gantry masts, as underpinning (Section 9.2.2) and in a
variety of soils. They comprise either solid steel shafts or tubular shafts up to 320 mm OD
with two or three helical steel plates between 200 and 1000 mm diameter attached at inter-
vals in excess of three times the plate diameter along the shaft (limited to avoid heave). The
number of helices will depend on the bearing capacity of each plate determined from the soil
parameters; the depth can be increased by plain follower sections to ensure the bearing layer
is achieved. The pile is screwed into the soil by hydraulic top-drive rig, usually attached to
an excavator, or by handheld units with around 4 kNm torque - resisted by a torque bar for
the small-diameter helix. Axial bearing capacity of up to 3000 kN is claimed in appropri-
ate conditions; shaft resistance is usually ignored on the smaller-diameter shafts and lateral
resistance is limited. Torque correlations should only be used as confirmation of resistance
at the target stratum depth. Care is needed during design and installation to consider the
effects of groundwater around the shaft, buckling and corrosion, particularly where high
organic soil and landfill may be expected. Black and Pack?29 describe screw pile founda-
tions in collapsible and expansive soils where load capacities of up to 890 kN in compression
or tension were achieved and downdrag reduced.

2.3.7 Vibrated concrete columns

Vibrated concrete columns (VCCs) are a development of the bottom-feed vibro stone column
technique used for ground improvement. They act as cast-in-place displacement piles in that
little spoil is brought to the surface and is therefore useful for deep load-bearing foundations
on brownfield sites, where the removal of contaminated arisings would be a problem, and in
peat and organic soils. The poker is similar to that used for stone columns, but for a VCC,
the poker is charged with concrete before commencing penetration of the soil. The poker
is then vibrated to the required depth and the concrete is pumped out to form a bulb, with
the poker raised and lowered into the bulb, while pumping additional concrete until the set
resistance is achieved (Figure 3.15). The poker is then withdrawn at a controlled rate, while
concrete pumping continues to form the shaft, monitored by data logging. Enlarged heads
can be formed by reinserting the poker and injecting additional concrete, and reinforcement
can be inserted on completion. By forming the end bulb, it is possible to achieve the required
resistance at shallower depths in weak ground compared with conventional piling, typically
3-10 m. VCC shaft diameters range from 400 to 600 mm with a base bulb and enlarged
heads of 1000 mm in soils with shear strengths of 15-60 kN/m? are usual. Depending on
soil conditions, applied axial loads up to 900 kN are possible but lateral loading is limited.
In variable strata, there is a risk of waisting of the shaft.
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2.4 REPLACEMENT PILES

2.4.1 General

Replacement piles are installed by first removing the soil by a drilling process and then con-
structing the pile by placing concrete or some other structural element in the drilled hole.
The simplest form of construction consists of drilling an unlined hole and filling it with
concrete. However, complications may arise such as difficult ground conditions, the pres-
ence of groundwater or restricted access. Such complications have led to the development of
specialist piling plant for drilling holes and handling lining tubes, but unlike the driven and
cast-in-place piles, very few proprietary piling systems have been promoted. This is because
the specialist drilling machines are available on sale or hire to any organisation which may
have occasion to use them. The resulting pile as formed in the ground is more or less the
same no matter which machine, or method of using the machine, is employed.

2.4.2 Bored and cast-in-place piles

In stable ground, an unlined hole can be drilled by mechanical auger or, in rare cases nowa-
days, by hand auger. If reinforcement is required, a light cage is then placed in the hole, fol-
lowed by the concrete. In loose or water-bearing soils and in broken rocks, casing is needed to
support the sides of the borehole, this casing being withdrawn during or after placing the con-
crete. In stiff to hard clays and in weak rocks, an enlarged base can be formed to increase the
end-bearing resistance of the piles. The enlargement is formed by a rotating expanding tool.
Hand excavation is rarely carried out because of stringent statutory health and safety regula-
tions. A sufficient cover of stable fine-grained soil must be left over the top of the enlargement
in order to avoid a ‘run’ of loose or weak soil into the unlined cavity, as shown in Figure 2.30.

Bored piles drilled by light cable percussive tripod rigs (up to 600 mm) are rarely used now
for even lightly loaded buildings. As noted in the Design Guide for piles to low-rise hous-
ing prepared by the National House Building Council (NHBC)?-2), small-diameter piles
produced by modern hydraulic equipment can be an effective means of producing efficient
foundations and reducing CO, emissions, when compared with deep trench-fill foundations.
The guide also points out that the amount of material required in piles is likely to be less and
spoil disposal reduced.

Unstable soil

1 m (3.3 ft)

60° Stable soil

S

Figure 2.30 Under-reamed base enlargement to a bored and cast-in-place pile.
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Bored piles drilled by mechanical spiral-plate or bucket augers or by grabbing rigs can
drill piles with a shaft diameter up to 7.3 m. Rotary drilling equipment consisting of drill
heads with multiple rock roller bits have been manufactured for drilling shafts up to 7 m
in diameter (e.g. the LDD7000 rig, a larger version of that shown in Figure 3.31). Under-
reaming tools can further enlarge these shafts in stable soils to allow casings to be inserted.
Standard plate auger boring tools for use with kelly bar rigs (see Section 3.3.4) range
from 600 to 3650 mm. Rigs with telescopic kelly bars can reach 70 m depth and 102 m
exceptionally.

When using bentonite or other drilling fluids>?? to support the sides of boreholes or
diaphragm walls, the bond of the reinforcement to the concrete may be affected. Research
by Jones and Holt?-23) comparing the bond stresses in reinforcement placed under bentonite
and polymer fluids indicated that it is acceptable to use the BS 8110 values of ultimate bond
stress provided that the cover to the bar is at least twice its diameter when using deformed
bars under bentonite. The results for the polymers investigated showed that the code bond
stresses could be reduced by a divisor of 1.4. EC2-1-1 Clause 4 includes for a minimum
cover factor dependent on bond requirements, and Clause 8 gives a reduction factor of 0.7
to apply to the ultimate bond stress where ‘good’ bond conditions do not exist — compat-
ible with the Jones and Holt data for polymers. It also covers laps between bars using the
reduced bond stress as appropriate, although good bond conditions may be available where
the cover to the main bar is twice the main bar diameter. BS EN 1536 for bored piles states
that only ribbed bars shall be used for main reinforcement where a stabilising fluid, benton-
ite or polymer, is used. Section 3.3.8 describes the use of stabilising fluids generally.

Unreinforced bored and cast-in-place piles can be considered as conforming to Clause
12 of EC2, subject to serviceability and durability requirements. Tension piles and piles
in swelling/shrinking clays should always be fully reinforced, and for piles in axial com-
pression, the reinforcement should extend over the length in compression. Where bending
moments due to load transfer from ground beams, pile caps and rafts may occur, the upper
part of the pile shaft should be reinforced to withstand such bending. A full-length cage is a
useful guide to upward movement of the concrete when temporary casing has to be moved
from the bore, as noted in Section 2.3.2.

Ample space between the bars to allow the flow of concrete is essential, and PD 6687-1
considers the problem of restrictions where bars have to be lapped. Concrete cover to the
bars is detailed in BS EN 1536 which requires 60 mm cover for piles greater than 600 mm
diameter and 50 mm for piles less than 600 mm, all increased to 75 mm in uncased bores
in ‘soft soil’, for environmental exposures, and where the cage is inserted following concrete
placement. Where reinforcement is designed, BS EN 1536 follows EC2 Clause 9.8.5 rules
for longitudinal reinforcement areas for bored piles depending on the pile cross-sectional
area (Table 2.11). Reinforcement grades are as for precast piles and follow BS 4449 and BS
EN 10080 general requirements. Large welded cages are usually manufactured off-site to

Table 2.11 Minimum amount of longitudinal reinforcement
(as Table 5, BS EN 1536)

Minimum area of longitudinal

Pile cross section, A, reinforcement, A,
A .<0.5m? A, >0.005 A,
05m2<A <1.0m? A, 225 cm?
A.> 1.0 m? A, > 0.0025 A,

Note: EC2-1 National Annex limits the area of steel at bar laps to 0.084A..
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BS EN ISO 17660-1 standards. Non-symmetrical cages should be avoided, unless they can
be accurately positioned and restrained.

BS EN 1536 stipulates a minimum of four 12 mm diameter longitudinal bars and spaced
at centres greater than 100 mm (80 mm when using <20 mm aggregate). The diameter of
transverse reinforcement depends on the form: that is links should be 26 mm, welded wire
mesh >5 mm and flat steel strips >3 mm thick, all spaced as for the main bars. However,
EC2 Clause 9.8.5 requires a minimum of six 16 mm diameter longitudinal bars at less than
200 mm spacing to provide the area in Table 2.11. It is recommended that the EC2 provision
is applied where there is design shear or bending in the pile.

Concrete grade may be between C20/25 and C45/55 and must be self-compacting and
free flowing, with a minimum cement content of 325 kg/m? in dry conditions and 375 kg/m?
in submerged conditions. Water/cement ratio is limited to 0.6 and the slump should be
200 = 20 mm when placed under supporting fluid. In a stable dry bore, concreting is carried
out from a hopper over the pile with a short length of pipe to direct flow into the centre of
the reinforcement, ensuring that segregation does not occur. When concreting boreholes
under flooded conditions or under stabilising fluid, a full-length tremie pipe as described
in Section 3.4.8 is essential. For reasons of economy and the need to develop shaft friction,
it is the normal practice to withdraw the casing during or after placing the concrete. As in
the case of driven and cast-in-place piles, this procedure requires care and conscientious
workmanship by the operatives in order to prevent the concrete being lifted by the casing,
resulting in voids in the shaft or inclusions of collapsed soil.

Structural design stresses in the concrete are calculated using the characteristic strength
of a concrete cylinder and the material partial factor (y.) in EC2 as given in Table 7.3 of
Section 7.10. To allow for potential necking or waisting of bored piles which are not perma-
nently cased, Clause 2.3.4.2 of EC2-1-1 requires a reduction in the nominal diameter (d,,,,)
as Table 4.6, Section 4.1.4. For the same reason, Clause 2.4.2.5 stipulates an increase in y.
when checking material ULS for uncased piles. Bored piles should preferably be concreted
on the same day as they are bored; if not, it is advisable to extend the hole before placing
concrete to avoid compromising end bearing.

Over 1100 large-diameter bored piles were installed at Canary Wharf by Bachy Soletanche
in London Docklands ranging from 900 to 1500 mm and to depths of 30 m through terrace
gravels, Lambeth Group clays, sands and gravels, and Thanet sands. It was possible to bore
the piles without the aid of drilling fluids due to the low water table in the Thanet beds.
Once the piles had reached the required depth using temporary casing, the shaft was filled
with bentonite slurry to minimise the risk of pile collapse during concreting operations. The
reinforcement cage was inserted to which were attached tubes a manchette (TaM) for pile
base grouting 2 days after concreting.

A casing oscillator and crane-supported grab can be an economical method of boring
large-diameter piles (up to 3000 mm) in gravels and cobbles, where a heavy chisel is needed
to break up boulders and rockhead (Figure 3.32). The method is essentially the same as
the basic bored and cast-in-place as described earlier, with the reinforcement cage installed
to full depth and concrete placed by hopper or tremie as appropriate. Depths up to 50 m
are feasible.

Barrettes can be an alternative to large-diameter bored and cast-in-place piles where in
addition to vertical loads, high lateral loads or bending moments have to be resisted. They
are constructed using diaphragm wall techniques to form short discrete lengths of rectan-
gular wall and interconnected Ell- and Tee-shapes and cruciforms to suit the loading condi-
tions in a wide variety of soils and rock to considerable depths. The hydrofraise or hydromill
reverse-circulation rig (see Section 3.3.5) is particularly well adapted to form barrettes, as
verticality is accurately controlled and the time for construction is reduced compared with
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grab rigs, thereby reducing the potential for the excavation to collapse. Barrettes are usually
only economical when the rig is mobilised for the construction of other basement walls.

2.4.3 Continuous flight auger piles

Continuous flight auger or auger-injected piles, generally known as CFA piles, are installed
by drilling with a rotary CFA to the required depth. They are now the most popular type
of pile in the United Kingdom, used in a variety of ground conditions for bearing piles
and as contiguous/secant pile walls. They are, however, best suited for ground conditions
where the majority of the applied load is resisted by shaft friction and the ground is free
from large cobbles and boulders. The CFA pile has considerable advantage over the conven-
tional bored pile in water-bearing and unstable soils in that temporary casing is not usually
needed, although, as noted below, the range of soil conditions which can now be augered
has increased with the application of simultaneous casing methods.

The established practice is to bore the shaft using a CFA with a hollow stem temporar-
ily closed at the bottom by a plug. After reaching the final level, a high slump concrete is
pumped down the hollow stem displacing the plug, and once sufficient pressure has built up,
the auger is withdrawn at a controlled rate, removing the soil and forming a shaft of fluid
concrete extending to ground level (Figure 2.31) or lower cut-off level. Thus, the walls of the
borehole are continually supported either by the spiral flights and the soil within them or
by the concrete. Self-compacting concrete with grades as described for the above-mentioned
bored piles is used with a plasticiser added to improve its ‘pumpability’, in accordance with
the rules in BS EN 206-9. If concrete flow is not achieved, it is necessary to remove the auger
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Figure 2.31 Stages in construction of a CFA pile. (a) Flight auger rotated to form borehole. (b) Auger
reaches required depth. (c) Concrete injected as auger rotated from hole. (d) Reinforcement
cage inserted into wet concrete.
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and re-drill (possibly after backfilling) to 0.5 m below the initial depth before recommenc-
ing concreting. The reinforcing steel cage, complying with the requirements for bored piles,
can be pushed into the fluid concrete to a depth of about 15 m. Vibrators may be used to
assist penetration. The shaft diameters range from the 100 mm micropile sections (in which
sand—cement grout may be injected in place of concrete) up to 1200 and 1500 mm excep-
tionally. Load capacities up to 7500 kN and depths up to 34 m are now feasible (see Table
3.6), depending on ground conditions and pile dimensions.

In stable ground above the water table, it may be advantageous to remove the auger and
place high slump concrete as in an unlined cast-in-place bored pile. The auger should never
be withdrawn before concreting in unstable or water-bearing soils. BS EN 1536 requires
that where unstable soil conditions are expected, a trial bore should be drilled, unless expe-
rience of the same conditions shows the CFA method is feasible.

The drilling operations are reasonably quiet and vibrations are low making the method
suitable for urban locations (although the larger rigs can exceed 100 dBA when installing
casing). As with any other in situ type of pile, the CFA pile depends for its integrity and load-
bearing capacity, on strict control of workmanship. This is particularly necessary where
a high proportion of the load is to be carried in end bearing. Because it is not possible to
check the stratification and quality of the soil during installation as with conventional bored
piles, considerable research and development has been undertaken by piling companies into
the use of computerised instrumentation to monitor the process and ensure the quality and
integrity of CFA piles. A computer screen is positioned in the drilling rig cab in front of
the operator which continuously displays the boring and concreting parameters. During
the boring operation, the depth of auger, torque applied, speed of rotation and penetration
rate are displayed. During concreting, a continuous record of concrete pumping pressure
and flow rate is shown, and on completion, the results are provided on a printout of the
pile log which records the construction parameters and under- or oversupply of concrete
(Figure 2.32). Most specifications for CFA piles®?-5) require the rig to be provided with such
automated instrumentation to control the process, relieving the operator of some of the
decision-making. Regular checks to ensure the reliability of the controls are essential. Even
with this monitoring, doubts may exist in certain ground conditions as to whether or not the
injected material has flowed out to a sufficient extent to cover the whole drilled area at the
pile toe. For this reason, it may be advisable either to assume a base diameter smaller than
that of the shaft or to adopt a conservative value for the end-bearing resistance. Farrell and
Lawler?24) describe the need to reduce the bearing capacity factor in some stiff glacial tills.
In addition, ‘polishing’ of the shaft can occur in stiff clays due to over-rotation and ‘over-
flighting’ (i.e. vertical movement of the soil on the auger relative to the soil on the wall of the
borehole resulting in local shaft distortion) which, in loose silty sands where over-rotation
disturbs the surrounding soil, can reduce shaft resistance by 30%.

To address the problem of overflighting and loss of ground in soft soil leading to settle-
ment and concreting difficulties, techniques have been developed to install temporary casing
while simultaneously advancing the auger to the foundation depth, the cased auger pile as
described in Section 3.3.3. The casing is normally withdrawn during concreting, but per-
manent steel liners can be installed to reduce downdrag and protect concrete in aggressive
ground. Where the concrete has to be cut off below ground level, concreting through the
auger stem is stopped at a level above the cut-off. The auger is then removed from the tem-
porary casing at the required level using a flap valve to retain the soil on the auger to leave
an open cased hole. The reinforcement is pushed into the concrete and the casing withdrawn
while backfilling the hole above the concrete. As the cased CFA pile can be installed more
accurately than the standard CFA method, it is increasingly used for constructing secant
pile walls. Bustamante et al.?-2%) have also shown that the cased CFA system can effectively
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Figure 2.32 Pile log for CFA pile. (Courtesy of Stent Foundations Ltd., Basingstoke, UK.)
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and accurately penetrate stiff marl which the standard CFA system may have difficulty in
penetrating, resulting in ‘refusal’ before reaching the design depth.

The shaft friction resistance of CFA piles in chalk has been assessed by Lord et al.(2-26) It
is considered that there should be little difficulty in forming satisfactory CFA piles in better-
quality structured chalk, but in chalks with low penetration resistance, there may be prob-
lems of softening and hole instability, particularly below water table. Further information
on installation and monitoring of CFA piles is given in a paper by Fleming>?7), and potential
risks in CFA piling are outlined by Windle and Suckling(>-28),

2.4.4 Drilled-in tubular piles

The essential feature of the drilled-in tubular pile is the use of a tube with a medium-to-
thick wall, which is capable of being rotated into the ground to the desired level and is left
permanently in the ground with or without an infilling of concrete. Soil is removed from
within the tube as it is rotated down, by various methods including grabbing, augering and
reverse circulation, as described in Section 3.3.5. The tube can be continuously rotated by
a hydraulically powered rotary table or by high-torque rotary drill head or be given a semi-
rotary motion by means of a casing oscillator.

The drilled-in tubular pile is a useful method for penetrating ground containing boulders
or other obstructions, heavy chisels being used to aid drilling. It is also used for founding
in hard formations, where a rock socket capable of resisting uplift and lateral forces can be
obtained by drilling and grouting the tubes into the rock, under-reaming as necessary. In
this respect, the drilled-in tubular pile is a good type for forming berthing structures for
large ships. These structures have to withstand high lateral and uplift loads for which a
thick-walled tube is advantageous. In rock formations, the resistance to these loads is pro-
vided by injecting a cement grout to fill the annulus between the outside of the tube and the
rock forming the socket.

Where a rock socket is predrilled into which a tubular steel pile is driven and sealed, care
must be taken not to over-drive the pile. ‘Curtain folds’ and ovality can occur (even in dense
chalk), potentially compromising the load-bearing capacity, and are difficult to rectify to
produce an acceptable pile. It is preferable to use an under-reamer or hole opener to match
the OD of the pile before finally driving to seal the tube. Annex D2 of EC3-5 provides a
method of verifying a pile which has buckled or become oval.

In the United States, caisson piles, comprising steel H-sections, lowered inside drilled-in
tubes which are then infilled with concrete to ensure full interaction between the elements,
provide high end-bearing capacity on strong rock.

2.5 COMPOSITE PILES

Various combinations of materials in driven piles or combinations of bored piles with driven
piles can be used to overcome problems resulting from particular site or ground conditions.
The problem of the decay of timber piles above groundwater level has been mentioned in
Section 2.2.1. This can be overcome by driving a composite pile consisting of a precast
concrete upper section in the zone above the lowest predicted groundwater level, which is
joined to a lower timber section by a sleeved joint of the type shown in Figure 2.1. The same
method can be used to form piles of greater length than can be obtained using locally avail-
able timbers.

Alternatively, a cased borehole may be drilled to below water level, a timber pile pitched
in the casing and driven to the required depth, and the borehole then filled with concrete.
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Another variation of the precast concrete—timber composite pile consists of driving a hollow
cylindrical precast pile to below water level, followed by cleaning out the soil and driving a
timber pile down the interior.

In marine structures, a composite pile can be driven that consists of a precast concrete
upper section in the zone subject to the corrosive influence of seawater and a steel H-pile
below the soil line. The H-section can be driven deeply to develop the required uplift resis-
tance from shaft friction.

Generally, composite piles are not economical compared with those of uniform section,
except as a means of increasing the use of timber piles in countries where this material is
readily available. The joints between the different elements must be rigidly constructed to
withstand bending and tensile stresses, and these joints add substantially to the cost of the
pile. Where timber or steel piles are pitched and driven at the bottom of drilled-in tubes, the
operation of removing the soil and obtaining a clean interior in which to place concrete is
tedious and is liable to provoke argument as to the standard of cleanliness required.

The uniform section of a prefabricated steel-concrete composite pile can be economical
in conditions requiring improved durability. This type of pile comprises a thin-walled steel
casing with a hollow spun concrete core with ODs up to 1400 mm and can be either driven
to depth or driven in the base of an augered hole. The National Composites Network has
reviewed composite piles using a fibre-reinforced polymer tube either with concrete infill
or with an infilled internal steel tube core. Lengths up to 20 m and 600 mm diameter are
available and have been used in aggressive marine conditions, mainly in the United States, as
noted for shell piles in Section 2.3.3; data on geotechnical performance is limited.

When the top-down construction method is required to start the superstructure before
the basement is excavated, the plunge column provides the future permanent stanchion
support. The schematic in Figure 2.33 shows a typical installation. In London, in a 52 m
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Figure 2.33 Schematic of plunge column installation. (a) Hole bored and cased; reinforcement placed and
concrete poured to above trim level as casing withdrawn. (b) Guide frame inserted and clamped.
(c) Steel stanchion aligned in guide frame. (d) Stanchion plunged into wet concrete. () Top
spacer fitted, concrete sets, guide frame removed and casing removed as bore backfilled.



60 Pile design and construction practice

deep bore, Bauer/Keller installed a 27 m reinforced concrete pile with a 33 m long steel sec-
tion embedded 5 m into the concrete. The depth of embedment is determined by the load
transfer required and the verticality controlled to conform to the superstructure codes: 1 in
400 for tall buildings. EC4 requirements apply to the design of composite steel and concrete
structures.

2.6 MINIPILES AND MICROPILES

The definition of these piles has become somewhat blurred as size and capacity have
increased; micropiles are generally defined as bored piles having a diameter between 90
and 300 mm and driven piles are <150 mm in width; axial capacities are in the range of
50-500 kN and up to 1000 kN when installed using pressure-grouting techniques. They are
capable of being installed through existing structures to interact with the ground to provide
axial resistance without a separate load transfer structure. The larger minipiles, with bored
diameters from 200 to 600 mm and driven displacement piles of around 300 mm, are used
where higher capacities are needed, but access is restricted allowing only smaller drill rigs
to be deployed. They can be further defined as piles which require a load transfer structure.
Both types have applications in supporting new structures, arresting settlement, excavation
support and underpinning as described in Section 9.2.

2.6.1 Minipiles

Limit state principles in accordance with EC7, based on conventional total and effective
stress methods, are applicable to the design of minipiles installed with regular plant, using
the procedures described in Chapters 4, 5 and 6. However, the first step when faced with a
restricted site (following a detailed ground investigation) is to decide what plant is capable
of efficiently installing deep foundations. This will dictate the diameter and depth of pile
available to support the superstructure, bearing in mind that if the bearing stratum is deeper
than estimated, possibly by only a metre or so, the restricted access plant may not be able to
cope, leading to considerable extra cost for alternatives.

The choice of the load transfer structure required to support the applied load is then
considered. Where a single pile and cap is not feasible, it will be necessary to use a group of
small-diameter minipiles with the load transferred to axially loaded piles through a rigid or
flexible slab, the thickness possibly being governed by the available construction methods.
Group action effects are therefore more commonly seen with minipiles than with larger-
diameter piles, and checks must be made as noted in Section 4.9.2 and Chapter 5. Group
effects can be an advantage in some instances. For example, axially loaded friction minipiles
in over-consolidated clays may be more efficient at a spacing of 2.5 times diameter than
the usual 3xD (see also Section 4.9.5 in respect of downdrag). Similarly, a group of driven
minipiles designed as end bearing in dense to very dense coarse-grained soil or weathered
rock may combine to provide enhanced performance with greater group end-bearing resis-
tance than the sum of the individual piles, subject to adequate penetration into the bearing
stratum to create the confinement.

Minipiles can also be used as retaining structures where the plant can install piles with
adequate depth and diameter capability to produce the required wall stiffness. In addition,
it is essential that a reinforcement cage can be installed to the depth needed to provide the
design bending resistance.

The methods of installing minipiles and the precautions needed are similar to those for
replacement and displacement piling as described earlier and in Chapter 3 on unrestricted sites.
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Where the rigs are required to drill in confined spaces with low headroom either vertically
or inclined (Table 3.7), some special requirements and precautions arise:

e Compact, short-masted rigs weighing 5-11 tonne and using conventional rotary bor-
ing techniques are suitable for drilling open holes up to 600 mm diameter down to
15 m in stable soils. Casing depths are more limited. Full-depth reinforcement cages
can be inserted, with short sections spliced, and in situ concrete poured.

¢ The sectional flight auger (SFA) is the main drilling method for restricted access work-
ing in headroom as low as 2.5 m using compact rigs. Rigs weighing as little as 2 tonne
with a separate power pack are available for confined spaces (Figure 2.34). Auger
lengths are 1-2 m and depths around twice that for similar sized rotary bores are pos-
sible in a wide range of soil and weathered rock conditions where a stable hole can be
formed. Caution is necessary when considering small-diameter SFA drilling in water-
bearing uniform silts and sands, as even when cased, the removal of spoil as liquefied
slurry will be difficult and the auger will be jammed; in such cases, the base resistance
may be negligible. Loss of soil is another potential difficulty and can have serious con-
sequences on the building being treated and adjacent structures.

e The CFA technique using short lengths of sectional hollow stem augers is suitable for
water-bearing sands and gravels and soft fine-grained soils where loss of ground and
vibration must be controlled. The compact rotary drills are not usually equipped with
the instrumentation deployed on the large CFA rigs, requiring special attention to
installation technique. The depth of reinforcement cage may also be limited as splicing
bars before inserting into wet concrete will be difficult.

e Thin-walled steel shells (up to 323 mm diameter) driven by an internal 500-1000 kg
drop hammer acting on an internal plug are filled with concrete and left in place. Short
shell sections may be welded. They are predominantly end bearing and are useful in
difficult conditions such as brownfield sites, peaty soils and soft clay, subject to found-
ing on a competent stratum. Empirical dynamic formulae may be used for design,

b |

Figure 2.34 Klemm 702 restricted access drill with separate power pack installing bored piles. (Courtesy of
Malcolm Drilling Company, San Francisco, CA.)



62 Pile design and construction practice

but note the precautions stated in Section 1.4. Such piles will have limited tension
capacity and should not be used in heaving ground or where vibration may cause
problems.

e Top-driven temporary casing, into which the reinforcement is placed, is withdrawn as
grout is injected under pressure to produce compacted zones in the soil; reinforcement
bars can be inserted after concreting. These piles and top-driven tubular steel piles are
not favoured in the United Kingdom for constricted sites due to noise and vibration.

2.6.2 Micropiles

BS EN 14199 requires micropiles, as defined earlier, to be designed in accordance with the
principles of the Eurocodes and materials standards. However, the design will be influenced
by the installation method, particularly where piles are pressure grouted. Again the limita-
tions of the drilling plant have to be considered as part of the design.

Micropiles generally have small base areas and rely mainly on shaft resistance for load
bearing unless a base enlargement can be constructed. Otherwise, additional penetration
may be needed in yielding strata to pick up sufficient shaft friction to avoid excessive settle-
ment, and this may make the system uneconomical. They have little resistance to lateral
loading and shear forces if unreinforced. Micropiles can be installed in most ground con-
ditions and at any inclination, but the potential for obstructions to cause deviation of the
small-diameter drill must be investigated. In weak ground, they should usually be lined, and
in soils with ¢, < 10 kN/m?, a check on buckling should be made. Ground anchor design
methodology as given in BS 8081 and BS EN 1537 procedures can be a useful alternative
approach to the BS EN 14199 guidance for grouted piles, especially when piles are subject
to tension and compression loads. The construction of a closely spaced network of multiple
micropiles, referred to as reticulated piles, will form a reinforced soil mass to underpin
existing buildings or support new structures. Depending on the application, the structural
load is applied either to the whole reinforced mass or to the individual piles.

Micropiles can be installed to depths up to 20 m by a variety of methods using drilling
and driving plant similar to the small rigs as mentioned above. In addition, top-drive rotary-
percussive drills or down-the-hole drills using the under-reaming Odex system or the more
recent Symmetrix system are versatile tools to install casings in difficult soil conditions.
The pile stiffness at the head of a compression pile may need to be improved with a steel
over-tube. Also, where micropiles are used for underpinning in clays susceptible to heave
and shrinkage, it is advisable to insert a sleeve into a pre-bored hole over the top 2-3 m of
the shaft. In this case, the pile must be considered as a column over the sleeved length and
designed accordingly. It is usually not economic to carry out static load tests or apply integ-
rity testing on working micropiles; hence, quality control of the installation processes is
most important. Pre-contract load testing is advisable and is required when a new technique
is to be employed.

Some examples of installation techniques for micropiles are as follows:

¢ The Grundomat system, in which 150 mm diameter steel tubes are driven by a pneu-
matic hammer (mole) acting on a plug of dry concrete. Extension tubes 2-3 m long
with watertight joints, where needed, give maximum depths of around 8 m. These
piles are considered end bearing, based on empirical dynamic design formula, and
have been used for many years in underpinning.

¢ Jacked-down steel tubes, steel box sections or precast concrete sections are useful as
end-bearing piles where vibration has to be minimised. The sections may be joined by
sleeving or dowelling.
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o Self-drilling pressure-grouted hollow steel bars, such as the Dywidag ribbed and
threaded bar and the Ischebeck Titan anchor bars, are installed by rotary-percussive
drills in coarse-grained soils. Design methods are given in BS EN 14199 and address
the small-scale soil-pile interface connection which is a critical aspect of micropile
design. The pile diameter depends on the minimum cover specified and on the grout-
ing pressure which can be applied. Loss of steel in aggressive soil can be 3 mm over
50-60 years. The expendable bit is liable to become blocked with drill cuttings when
adding bars.

e The Pali Radice (root pile) system is one of the earliest forms of reticulated micropiles,
extensively used for underpinning through existing structures and to minimise the
size of a load transfer structure. Also it is useful where congested services have to be
avoided for new foundations.

e Helical plate screw piles are used to support light structures, particularly where rapid
installation is required, and as underpinning.

e Soilex piles as described earlier.

¢ Jet grouting, where the soil is mixed with injected grout to produce an in situ column
into which, on withdrawal of the jetting lance, a reinforcing bar can be inserted.

o Tubes a manchette allow for the repeated injections of the micropile where the tube
forms part of the pile; grout pressure based on the Ménard pressuremeter limit.

2.7 PRE-PACKED PILES

Although mentioned in BS EN 1536, piles formed of gravel placed in the borehole and
then grouted are rarely used as reliable pile-grade concrete is difficult to achieve. The main
requirements are clean coarse aggregate >25 mm, adequate grout pipes to the bottom of the
hole and a flowable grout which will permeate the aggregate to produce concrete on setting.
Grout pipes may be removed during injection.

2.8 FACTORS GOVERNING CHOICE OF TYPE OF PILE

The selection of an appropriate type of pile is one of the most important design decisions
and is best made on the basis of experience in similar ground conditions. Piling contrac-
tors maintain a database of previous works detailing load testing and pile capacity of their
systems; hence, early involvement of the contractor in the foundation design is of benefit
to the project. The advantages and disadvantages of the various forms of pile described in
Sections 2.2 through 2.7 affect the choice of pile for any particular foundation project, and
these are summarised as follows:

2.8.1 Driven displacement piles

Advantages

. Material forming pile can be inspected for quality and soundness before driving.

. Not liable to ‘squeezing’ or ‘necking’.

. Construction operations not affected by groundwater.

. Projection above ground level advantageous to marine structures.

. Can be driven in long lengths; H-piles up to 50 m; tubular piles up to 40 m; jointed
precast piles may be up to 40 m.

L N W =
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6. Can be designed to withstand high bending and tensile stresses.
7. Can be re-driven if affected by ground heave.
8. Pile loads over 10,000 kN are feasible for large-diameter steel piles and up to 15,000 kN

with a solid concrete core.

9. Jointed types can be adapted for use in low headroom.

Disadvantages/problems

1.

w N

A\ »n

Unjointed types cannot readily be varied in length to suit varying level of bearing

stratum.

. May break during driving, necessitating replacement piles; splitting of timber piles.

. May suffer unseen damage which reduces carrying capacity.

. Uneconomical if cross section is governed by stresses due to handling and driving
rather than by compressive, tensile or bending stresses caused by working condition.

. Noise and vibration due to driving may be unacceptable.

. Displacement of soil during driving may lift adjacent piles or damage adjacent

structures.

7. Difficult to correct deviations once driving started.

1

2.8

8
9.
0

. End enlargements, if provided, destroy or reduce shaft friction over shaft length.
Driving H-piles in chalk may cause breakdown of layer of rock around pile.
. Jointed precast piles may not be suitable for tension and lateral loads.

.2 Driven and cast-in-place displacement piles

Advantages

O gD U W =
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10

11

. Length can easily be adjusted to suit varying level of bearing stratum.

. Driving tube driven with closed end to exclude groundwater.

. Driving records give check of stiffness of bearing stratum.

. Enlarged base possible.

. No spoil to remove; important on contaminated sites.

. Formation of enlarged base does not destroy or reduce shaft friction.

. Material in pile not governed by handling or driving stresses.

. Noise and vibration can be reduced in some types by driving with internal drop
hammer.

. Reinforcement determined by compressive, tensile or bending stresses caused by work-
ing conditions.

. Concreting can be carried out independently of the pile driving.

. Pile lengths up to 30 m and pile loads to around 2000 kN are common.

Disadvantages/problems

1.

Concrete in shaft liable to be defective in soft squeezing soils or in conditions of arte-

sian water flow where withdrawable-tube types are used.

. Concrete cannot be inspected after installation.

. Concrete may be weakened if artesian groundwater causes piping up shaft of pile as
tube is withdrawn.

. Length of some types limited by capacity of piling rig to pull out driving tube.

. Displacement may damage fresh concrete in adjacent piles, or lift these piles or damage

adjacent structures.
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6.
7.
8.
9.
10.
11.

Once cast cannot be re-driven to deal with heave.

Noise and vibration due to driving may be unacceptable.

Cannot be used in river or marine structures without special adaptation.

Cannot be driven with very large diameters.

End enlargements are of limited size in dense or very stiff soils.

When light steel sleeves are used in conjunction with withdrawable driving tube, shaft
friction on shaft will be destroyed or reduced.

2.8.3 Bored and cast-in-place replacement piles

Advantages

1. Length can readily be varied to suit variation in level of bearing stratum.

2. Soil or rock removed during boring can be inspected for comparison with site investi-
gation data.

3. In situ loading tests can be made in large-diameter pile boreholes or penetration tests
made in small boreholes.

4. Very large (up to 7.3 m diameter) bases can be formed in favourable ground.

5. Drilling tools can break up boulders or other obstructions which cannot be penetrated
by any form of displacement pile.

6. Material forming pile is not governed by handling or driving stresses.

7. Can be installed without appreciable noise or vibration.

8. No ground heave.

9. Can be installed in conditions of low headroom.

10. Pile lengths (drilled shafts) up to 50 m over 3 m in diameter with capacities over

30,000 kN are feasible.

Disadvantages/problems
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10.

11.
12.

. Concrete in shaft liable to squeezing or necking in soft soils; poor concrete mix design.
. Lateral pressure on soft soil from fresh concrete causing bulges in shaft.

. Special techniques needed for concreting in water-bearing soils, for example, tremie pipe.
. Local slumping of open bore due to groundwater seepage.

. Concrete cannot be inspected after installation.

. Poorly designed reinforcement cages; preventing flow of concrete; displacement of

main steel.

. Enlarged bases cannot be formed in coarse-grained soils.
. Cannot be extended above ground level without special adaptation.
. Low end-bearing resistance in coarse-grained soils due to loosening by conventional

drilling operations.

Drilling a number of piles in a group can cause loss of ground and settlement of adja-
cent structures.

Possible overflighting of CFA piles reducing shaft resistance; softening of chalk.
Necking of a CFA or screw pile due to poor control of extraction rate and concrete
injection.

2.8.4 Choice of pile materials

Timber is cheap relative to concrete or steel. It is light, easy to handle and readily trimmed
to the required length. It is very durable below groundwater level but is liable to decay
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above this level. In marine conditions, softwoods and some hardwoods are attacked by
wood-boring organisms, although some protection can be provided by pressure impregna-
tion. Timber piles are unsuitable for heavy applied loads, typical maximum being 500 kN.
Due to depletion of supplies of the well-known hardwoods quoted previously, TRADA@229
is recommending the use of lesser-known species such as angelim vermelbo and tali which
compare favourably with greenheart for durability in marine conditions although somewhat
lower in strength class.

Concrete is adaptable for a wide range of pile types. It can be used in precast form in
driven piles or as insertion units in bored piles. Dense, well-compacted good-quality con-
crete can withstand fairly hard driving, and it is resistant to attack by aggressive substances
in the soil or in seawater or groundwater. However, concrete in precast piles is liable to
damage (possibly unseen) in hard driving conditions. Concrete with good workability, using
plasticisers as appropriate, should be placed as soon as possible after boring cast-in-place
piles. Weak, honeycombed concrete in cast-in-place piles is liable to disintegration when
aggressive substances are present in soils or in groundwater.

BS 8500-1 provides three basic methods of specifying concrete — designated concrete,
designed concrete and prescribed concrete. Designated concretes are identified by the appli-
cation for which they will be used to satisfy requirements for strength and durability. The
concrete should be specified by the designer in accordance with the exposure conditions
in BS 8500-1 (see Tables 2.3 and 2.4) and materials as required by BS 8500-2. This will
essentially mean giving the contractor the concrete designation (e.g. C25/30) and the maxi-
mum size of aggregate, with the contractor providing the concrete producer with the con-
sistency and other information, such as the method of placing and testing regime. Designed
concretes require the designer to be more specific: in addition to the basic designation, he
should state the chemical resistance needed, cement content and types, water/cement ratio
and chloride class. It is usually the producer’s responsibility to prepare a mix design to
meet this specification. For prescribed concrete, the specifier gives the producer full details
of the constituents, their properties and quantities to provide a concrete with the specified
performance. The specifier alone is responsible for conformance. Comprehensive guidance
on specifying concrete is given in the UK National Structural Concrete Specification for
Building Construction?-39),

Steel is more expensive than timber or concrete, but this disadvantage may be outweighed
by the ease of handling steel piles, by their ability to withstand hard driving, by their resil-
ience and strength in bending and by their capability to carry heavy loads. Limit state design
and recent research into pile behaviour indicate that steel is becoming more economic. Steel
piles can be driven in very long lengths and cause little ground displacement. They are liable
to corrosion above the soil line and in disturbed ground, and they require cathodic protec-
tion if a long life is desired in marine structures. Long steel piles of slender section may suf-
fer damage by buckling if they deviate from their true alignment during driving.
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Chapter 3

Piling equipment and methods

The development and availability of larger drilling rigs and more efficient impact and
vibratory hammers continue to promote the use of new methods to install larger piles to
greater depths accompanied by reduced environmental impact. Improved mobility and
speed of operation together with in-cab instrumentation and precision setting out with the
global positioning system (GPS) have all added to the expansion and reliability of piling
operations. Satellite links from the rig to the company office allow the foundation designer
to monitor installation in difficult environmental conditions where ground investigations
have been limited. The amount of data now being produced could eventually lead to the
practical application of pile—soil interaction theory to the determination of bearing capacity
as the pile is installed.

The development of piling equipment has proceeded on different lines in various parts of
the world, depending mainly on the influence of the local ground conditions: high ground-
water levels in Holland, stiff clays in the United States and karstic conditions in Europe. In
the United Kingdom, with a wide variety of soil types and as demand for new heavier infra-
structure has grown, the full range of piling equipment and techniques has been adopted,
from continuous flight augers (CFAs), vibrated concrete columns and press-in piles to large
piling hammers to install large-diameter monopiles for offshore wind farms.

The manufacturers of piling equipment and the range of types they produce are too
numerous for all makes and sizes to be described in this chapter. Health and safety require-
ments and environmental legislation as well as commercial pressures all mean that piling
plant and methods are constantly changing. Noise abatement in particular influenced the
trend away from diesel hammers towards forms of pile that are installed by drilling, vibra-
tion and pressing methods. Landfill taxes have been a major influence on limiting spoil from
boreholes leading to the use of auger screw displacement piles, particularly on contaminated
brownfield sites.

The principal types of current equipment in each category are described below, but
the reader should refer to manufacturers’ handbooks and their comprehensive websites for
the full details of their dimensions and performance. The various items of equipment are
usually capable of installing more than one of the many piling systems which are described
in Chapter 2. Installation methods of general application are described in the latter part of
this chapter.

All piling equipment should comply with the requirements in BS EN 996 Piling equip-
ment, Safety requirements; BS EN 791 Drill rigs, Safety and the various parts of BS EN
16228 in preparation for other foundation equipment.

69
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3.1 EQUIPMENT FOR DRIVEN PILES

3.1.1 Piling frames

The piling frame has the function of guiding the pile at its correct alignment from the stage
of first pitching in position to its final penetration. It also carries the hammer and maintains
it in position coaxially with the pile. The essential parts of a piling frame are the leaders or
leads, which guide and support the hammer and pile. They are stiff members constructed
of channel, box or tubular section held by a lattice or tubular mast that is in turn supported
at the base by a moveable carriage and at the upper level by backstays. The latter can be
adjusted in length by a telescopic screw device or by hydraulic rams, to permit the leaders
to be adjusted to a truly vertical position or to be raked forwards, backwards or sideways.
Where piling frames are mounted on elevated stagings, extension leaders can be bolted to
the bottom of the main leaders in order to permit piles to be driven below the level of the
base frame.

The piling winch is mounted on the base frame or carriage. This may be a double-drum
winch with one rope for handling the hammer and one for lifting the pile. A three-drum
winch with three sheaves at the head of the piling frame can lift the pile at two points using
the outer sheaves and the hammer by the central sheave. Some piling frames have multiple-
drum winches which, in addition to lifting the pile and hammer, also carry out the duties of
operating the travelling, slewing and raking gear on the rig.

Except in special conditions, say for marine work, stand-alone piling frames have largely
been replaced by the more mobile self-erecting hydraulic leaders on tracked carriages or by
the crane-mounted fixed or hanging leaders offered by the major piling hammer manufactur-
ers. In Europe, the pile hammer usually rides on the front of the leader (spud type), whereas
in the United States, the practice is to guide the pile between the leaders (U type). The pile
head is guided by a cap or helmet which has jaws on each side that engage with U-type
leaders. The hammer is similarly provided with jaws. The leaders are capable of adjustment
in their relative positions to accommodate piles and hammers of various widths.

Self-erecting leaders on powerful hydraulic crawler carriages can be configured for a vari-
ety of foundation work (Table 3.1). Initial erection and changing from drilling to driving tools
can be rapidly accomplished, and with the electronic controls now available, the mast can
be automatically aligned for accurate positioning. Some crawlers have expandable tracks to
give added stability and can handle pile hammers with rams up to 12 tonne at 1:1 back rake.

Note that the information given in Tables 3.1 through 3.7 is only a selective summary of
the range of equipment and the manufacturers should be contacted for full details and when
making assessments of performance for particular applications. Technical information on
the equipment is also readily available online. Because of market changes, some equipment
will be obsolescent, but well-maintained used hammers not in current production may be
available.

The ABI Mobilram TM series of telescopic leader masts (Figure 3.1) has been designed to
handle pile driving with impact and vibratory hammers; the torsional rigidity also makes
the rig suitable for pile drilling and pressing. The Banut 555 and 650 piling rigs (Figure 3.2)
are primarily designed to drive precast concrete piles with diesel or hydraulic impact ham-
mers but are also effective for installing most bearing and sheet piles. The hydraulic stays
attached to the crawler enable forward rakes of up to 18° and 45° back rakes, together
with lateral movement of up to 14° available on both units. The usable length given for the
650 unit relates to the Banut SuperRAM 6000 hydraulic hammer (see Table 3.2).

The Junttan PM hydraulic piling rigs with fixed leaders can drive piles ranging from 16 to
36 m long (with telescopic leader extensions and HHK hydraulic hammers), using hammer
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Table 3.1 Characteristics of some crawler-mounted pile-driving rigs

Maximum capacity
Usable leader  (pile plus hammer) Pile winch

Maker Type length (m) (tonne) capacity (tonne)
ABI Mobilram? TMI13/16 SL 15.7 9 5
(Germany) TMI18/22 253 12 5
TM20/25 28.8 I5 5
TM22 24.7 ) 5
Banut (Germany) 555 15.0 12 6
655 15.0 12 85
Junttan (Finland) PMI6 16.0 8 5
PMx20 13.8 13 8
PMx22 20.0 16 10
PM25H 25.0 20 10
PM30 32 35 12
Liebherr (Austria) LRB 125 12.5 12 6
LRB 155 24.0 15.0 8
LRB 255 30.0 30.0 20

2 Telescopic mast.

Figure 3.1 ABI Mobilram with telescopic leader fully extended driving tubular pile. (Courtesy of ABI GmbH,
Niedernberg, Germany.)
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Figure 3.2 Banut 650 piling rig. (Courtesy of ABI GmbH, Niedernberg, Germany.)

rams from 3,000 to 12,000 kg. Fore and aft rakes are available subject to recommendations
by the maker. Liebherr provides fixed leaders mounted on their own and others’ crawler car-
riages. The LRB series can operate as pile-driving rigs and rotary drills for CFA and kelly
bored piles with fore and aft inclinations.

3.1.2 Crane-supported leaders

Although the hydraulic piling rig with its base frame and leaders supported by a stayed mast
provides a reliable means of ensuring stability and control of the alignment of the pile, there
are many conditions which favour the use of leaders suspended from a standard crawler
crane. Rigs of this type have largely supplanted the frame-mounted leaders for driving long
piles on land in Europe and the United States.

Fixed leaders are rigidly attached to the top of the crane jib by a swivel and to the lower
part of the crane carriage by a spotter or stay. Hydraulic spotters can extend and retract to
control verticality and provide fore and aft raking; they can also move the leader from side
to side. The International Construction Equipment (ICE) heavy-duty spotter provides 6 m
of hydraulic movement fore and aft and an optional 35° leader rotation (Figure 3.3). In fixed
extended arrangements, the leaders extend above the top of the jib with a connector which
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Table 3.2 Characteristics of some hydraulic impact hammers

Mass of ram  Maximum energy  Striking rate at maximum

Maker Type (kg) per blow (kj) stroke height (blows/min)
American Piledriving XI3 35,896 88 28
Equipment (United States) 75 5,443 32.5 40
7.50 4,626 27.6 40
7.5¢ 3,446 20.6 40
9.52 6,712 68.5 40
400U 36,287 488 30
500U 54,431 369 28
750 54,431 847 20
BSP International CX50 4,000 51 46
Foundations (United CX60 5,000 60 45
Kingdom) CX85 7,000 83 )
CXI10 9,000 106 36
CG180 12,000 176 34
CG210 14,000 206 36
CG240 16,000 235 34
CG300 20,000 294 32
CGL370 22,500 370 32
CGL440 27,000 440 32
CGL520 31,400 520 32
Banut SuperRAM 5000 5,060 59 100
(Germany) 6000 6,075 71 100
6000XL 6,110 71 100
8000XL 8,020 94 100
10000XL 10,000 118 80
IHC Hydrohammer S40 2,235 40 45
(Netherlands) $90 4572 90 46
SI150 7,620 150 44
S200 10,160 200 45
S500 25,400 500 45
S600 30,480 600 42
S900 43,690 900 38
S1200 60,960 1,200 38
S1800 91,440 1,800 35
$2300 116,840 2,300 30
SC75° 5,791 75 50
SCllob 8,026 110 45
SCI500 11,176 150 45
SC200° 13,818 200 45
Junttane (Finland) HHK 4A 4,000 47 40-100
HHK 5A 5,000 59 40-100
HHK 7A 7,000 82 40-100
HHK 12A 12,000 141 40-100
HHK 14A 14,000 165 40-100

(continued)
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Table 3.2 (continued) Characteristics of some hydraulic impact hammers

Mass of ram  Maximum energy  Striking rate at maximum

Maker Type (kg) per blow (k) stroke height (blows/min)
Junttan© (Finland) HHK 5S 5,000 74 30-100

HHK 7S 7,000 103 30-100

HHK 14S 14,000 206 30-100

HHK 16S 16,000 235 30-100

HHK 25S 25,000 368 30-100

2 Free-fall hammer (many hammers now have assisted acceleration).
b SC series more suited to driving concrete piles.
¢ Extensions can be provided to increase ram weight and energy.
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Figure 3.3 ICE 225 spotter with optional front lead rotation. (Courtesy of International Construction
Equipment, Charlotte, NC.)

allows freedom of movement. Leaders are usually provided in top and intermediate sections
about 5 and 2.5 m long jointed together to provide the required leader height. As an alterna-
tive to spotters, hydraulic telescopic rams are used to enable raking piles to be driven, with a
bottom stabbing point on the leader to fix the pile location. BSP International Foundations
Ltd. produces fixed extended leaders in lattice sections 610 and 850 mm?, with lengths of
7.5 and 10 m, respectively. The respective maximum lengths under the cathead are 22.5 and
38 m, subject to crane jib length. The maximum load for pile and hammer at a back rake
of 1:12 with the 610 mm section is 12 tonne and 18 tonne for the 835 mm section at a back
rake of 1:10 using standard stays.

Swinging leaders are suspended from the crane rope and usually are 5 m shorter than the
jib. They are mainly used for driving vertical piles, but because of the freedom of move-
ment, they have to be used with a pile guide or template. Hanging leaders are similar to
swinging leaders but with a connection to the top of the crane jib and a head block which
allows movement fore and aft from the crane. The bottom of the leader is attached to the
crane chassis with a fixed strut or spotter. As an example, the Liebherr LRH 600, 50 m
long hanging leader has a maximum capacity of 65 tonne when used with the Liebherr HS
895 HD carriage, but as with all the leaders, account has to be taken of bending moments
induced by the weight of the piling hammer when driving raked piles (Figure 3.4). The
Delmag MS, MU and MH swinging and hanging spud-type leaders are designed for
use with Delmag diesel hammers up to 12 tonnes on a 30 m long leader. The EU-type
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Figure 3.4 Liebherr LRH 400 48 m long swinging leader on HS 885 HD crane. (Courtesy of Liebherr Great
Britain Ltd, Biggleswade, UK.)

offshore lead fits on to the top of tubular piles (2200 mm maximum diameter) pitched in
a frame or the platform jacket pile sleeve.

Swinging leads can be attached to most models of crane with suitable capacity. Where
the lead is not connected to the carriage base by a spotter, it can be rotated 360° around its
vertical axis allowing piles to be driven at rakes up to 1:1 (Figure 3.5). There is a practical
limit to the length of pile which can be driven by a given type of rig, and this can sometimes
cause problems when operating the rig in the conventional manner without the assistance of
a separate crane to lift and pitch the pile. The conventional method consists of first dragging
the pile in a horizontal position close to the piling rig. The hammer is already attached to the
leader and drawn up to the cathead. The pile is then lifted into the leaders using a line from
the cathead and secured by toggle bolts. The helmet, dolly and packing (see Section 3.1.8)
are then placed on the pile head, and the assembly is drawn up to the underside of the ham-
mer. The carriage of the piling rig is then slewed round to bring the pile over to the intended
position, and the stay and angle of the crane jib are adjusted to correct for verticality or to
bring the pile to the intended rake.

In determining the size of the leader whether rig-mounted, fixed or hanging, it is always
necessary to check the available height beneath the hammer when it is initially drawn up to
the cathead. Taking the example of leaders with a usable height of 20.5 m in conjunction
with a hammer with an overall length of 6.4 m, after allowing a clearance of 1 m between
the lifting lug on the hammer and the cathead and about 0.4 m for the pile helmet, the maxi-
mum length of pile which can be lifted into the leaders is about 12.7 m.
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Figure 3.5 US style 26 in. swinging leader supporting a Dawson HPH2400 hammer driving a 305 mm H-pile
on 2:3 rake. (Courtesy of Dawson Construction Plant Ltd, Milton Keynes, UK.)

Guyed leaders independent of any base machine are rarely used, even for two or three
preliminary test piles, as they are cumbersome to erect and move and need a separate winch
to operate the hammer.

3.1.3 Trestle guides

Another method of supporting a pile during driving is to use guides in the form of a move-
able trestle. The pile is held at two points, known as gates, and the trestle is designed to be
moved from one pile or pile-group position to the next by crane (Figure 3.6). The hammer
is supported only by the pile and is held in alignment with it by leg guides on the hammer
(similar to the EU lead noted above) extending over the upper part of the pile shaft. Because
of flexure of the pile during driving, there is a greater risk, especially with raking piles, of the
hammer losing its alignment with the pile during driving than in the case of piling frames
which support and guide the hammer independently of the pile. For this reason, the method
of supporting the hammer on the pile in conjunction with trestle guides is usually confined
to steel piles where there is less risk of damage to the pile head by eccentric blows. When
driving long steel raking piles in guides, it is necessary to check that the driving stresses
combined with the bending stress caused by the weight of the hammer on the pile are within
allowable limits.

Pile guides which are adjustable in position and direction to within very close limits
are used on jack-up barges for marine piling operations. A travelling carriage or gantry
is cantilevered from the side of the barge or spans between rail tracks on either side of the
barge moon pool. The travelling gear is powered by electric motor and final positioning
by hydraulic rams. Hydraulically operated pile clamps or gates are mounted on the travel-
ling carriage at two levels and are moved transversely by electric motor, again with final
adjustment by hydraulic rams allowing the piles to be guided either vertically or to raking
positions. Guides provided by hydraulic clamps on a guide frame fixed to the side of a piling
barge are shown in Figure 3.7.
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Figure 3.6 Trestle guides for tubular raking pile.

Trestle guides can be usefully employed for rows of piles that are driven at close centres
simultaneously. The trestle shown in Figure 3.8 was designed for the retaining wall founda-
tions of Harland and Wolff’s shipbuilding dock at Belfast®®-). Three rows of five 356 x 368 mm
H-piles were pitched into the guides and were driven by a Delmag D22 hammer.

Guides can be used in conjunction with piling frames for a two-stage driving operation,
which may be required if the piles are too long to be accommodated by the available height
of frame. Guides are used for the first stage of driving, the piles carrying the hammer which
is placed and held by a crane. At this stage, the pile is driven to a penetration that brings the
head to the level from which it can be driven by the hammer suspended in the piling frame.
Figure 3.9 shows a crane-mounted hammer driving piles through a guide from initial pitch-
ing to final level in stages.

3.1.4 Piling hammers

The simplest form of piling hammer is the winch-raised drop hammer, which is guided by
lugs or jaws sliding in the leaders. The basic winch-operated drop hammer consists of a
solid mass or assemblies of forged steel, the total mass ranging from 1 to 5 tonne. The drop
ranges from 0.2 to 2 m and the weight needed is between half and twice the pile weight.
The striking speed is slower than in the case of single- or double-acting hammers, and when
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Figure 3.7 Installing a 4 m diameter monopile foundation for North Hoyle offshore wind farm with pile-top
rig and specially designed leader leg pile frame. (Courtesy of Fugro Seacore Ltd, Falmouth, UK.)

drop hammers are used to drive concrete and timber piles, there is a risk of damage to the
pile if an excessively high drop of the hammer is adopted when the driving becomes difficult.
To avoid such damage, the drop of each blow of the winched hammer has to be carefully
coltrolled by the operator. However, for driving all types of pile in stiff to hard clays, a heavy
blow with a small drop is more efficient and less damaging to the pile than a large number
of lighter blows.

Drop hammers also include those raised by steam, air and hydraulic pressure, gener-
ally permitting a higher hammer energy, and may be free falling or assisted by pressure
on the downstroke to give a bigger and more controllable impact blow to the pile head
as described below. The original Vulcan winched hammer was developed into a series of
large steam-activated free-fall hammers up to the Vulcan 6300 with a weight of 140 tonnes
and 2440 kJ energy (production ceased in the 1980s). Drop hammers can be adapted
to operate within a sound-proofed box to comply with noise abatement regulations (see
Section 3.1.7).

The wide range of modern hydraulic single-acting hammers is indicated in Table 3.2.
The ram is raised by hydraulic fluid under high pressure to a predetermined height and
then allowed to fall under gravity, or as in the BSP CX series (Figure 3.10), some have the
option of additional acceleration by pressurising the equalising housing above the piston,
thereby increasing the energy by up to 20%. The hammer stroke and blow rate are con-
trolled by instrumentation so that at the required stroke height, the flow of the hydraulic
fluid is cut off. Pressures within the actuator then equalise allowing the ram to decelerate
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Figure 3.8 Trestle guides for multiple vertical piles.

Figure 3.9 BSP CG300 hydraulic hammer suspended from a Kobelco CKEE2500 crane driving tubular piles
in stages through trestle guides. (Courtesy of Steel Pile Installations Ltd, Bolton, UK.)

as it approaches the top of its stroke. The falling hammer repositions the piston rod for the
next stroke. These hammers can deliver an infinitely variable stroke and blow rate within
the limits stated so that the energy matches the driving conditions. The latest models from
the main manufacturers can be fitted with instrumentation giving a continuous display of
depth, driving resistance and set and are relatively quiet to operate.
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Figure 3.10 BSP CXI10 hydraulic piling hammer on Hitachi crane-mounted leader. (Courtesy of BSP
International Foundations Ltd, Ipswich, England.)

For driving precast concrete piles, a hammer mass of 4000 kg is appropriate for a
800 kN applied load. High bearing-capacity driven steel piles will require hammer mass
of 10,000 kg for a load of 3,000 kN and much greater for the large-diameter offshore
piles now being installed. For example, the MENCK MRBS offshore pneumatic hammers
(Figure 3.11) have masses ranging from 8.6 to 125 tonne with a maximum stroke of 1.75 m.
They are fully automatic with infinitely variable stroke. By adding a belled-out section
beneath the hammer, Seacore has developed a rig capable of driving piles up to 4 m diam-
eter into predrilled holes for the monopile foundations for offshore wind turbine towers as
in Figure 3.12.

Hydraulic hammers, driven by a separate power pack, produce no exhaust at the hammer
and therefore have the advantage of being able to operate underwater. Large underwater
hydraulic hammers have been designed especially for driving piles in deep-water locations.
The MENCK MHU double-acting hammer range in Table 3.3 is designed specifically for
underwater work: the S hammer series is for water depth up to 400 m and the T series for
3000 m. The MHU 3000 S with a ram weight of 180 tonne and 3000 k] energy is one of the
largest piling hammers ever constructed. A nitrogen shock absorber ring protects the ham-
mer from rebound forces and shock loads and will largely eliminate a tension wave in the
pile (see Section 7.3). The MHU hammers are designed either to operate as free-riding units
mounted on the pile with a slack lifting line or to reduce weight on the guides so that they
can be suspended from the crane with a heave compensator to counteract wave action and so
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Figure 3.11 MRBS air/steam single-acting hammer with stabilising cage driving 54 in. diameter piles in legs of
offshore jacket platform. (Courtesy of MENCK GmbH, Kaltenkirchen, Germany.)

Figure 3.12 Driving a 4 m diameter monopile foundation for North Hoyle offshore wind farm using a
MENCK MHU 500T hammer with large-diameter pile sleeve and anvil adapter. (Courtesy of
Fugro Seacore Ltd, Falmouth, UK.)
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Table 3.3 Characteristics of some double-acting and differential-acting piling hammers

Mass of ram  Maximum energy ~ Maximum striking

Maker Type (kg) per blow (kj) rate (blows/min)
BSP International LX302 2,500 30 65
Foundations LX50 4,000 50 60
(United Kingdom) =y 9,000 106 36
SL20da 1,500 20 90
SL30da 2,500 30 84
Dawson HPH 1200 1,040 12 80-120
Construction Plant  HPH2400 1,900 24 80-120
(United Kingdom)  1ppi4500 3,500 45 80-120
HPH6500 4,650 65 80-120
HPH9000 4750 90 60-90
MKT (United States)  9B3 725 6 145
10B3 1,360 10 105
11B3 2,270 14 95
MENCK" (Germany) MHUI00C 5,000 100 50
MHU3008¢ 16,200 300 40
MHU440S 24,300 440 38
MHU550S 30,200 550 38
MHU800S 45,400 820 38
MHU1200S 66,000 1,200 38
MHU1900S 95,000 1,900 32
MHU3000S 180,000 3,000 32

2 Single-acting versions with lower energy available.

b Differential-acting.

¢ S denotes version for use in shallow water or onshore use; the T version with similar energies is
designed for deep water.

maintain constant tension in the lifting line. Other pile-top hammers operate with a follower
attached above the structural pile, and slender hydraulic hammers can operate inside the pile.

MENCK has developed a deep-water system hydraulic power pack which sits directly on
the MHU pile hammer within the pile, needing only a single umbilical to provide energy, air
and communications from the surface; it can operate in water depths of 2000 m.

Double-acting (or differential-acting) hammers are either hydraulically or air operated
with control valves to apply pressure on both the upstroke and downstroke, designed to
impart a rapid succession of small-stroke blows to deliver higher energy to the pile. The
double-acting hammer exhausts air on both the up- and downstrokes. In the case of the
differential-acting hammer, however, the cylinder is under equal pressure above and below
the piston and is exhausted only on the upward stroke. The downward force is a combina-
tion of the weight of the ram and the difference in total force above and below the piston,
the force being less below the piston because of the area occupied by the piston rod. These
hammers are most effective in granular soils where they keep the ground live and shake the
pile into the ground, but they are not so effective in clays. The characteristics of a selection
of hammers are shown in Table 3.3. The BSP hydraulic double-acting LX series are used
mainly for driving steel sheet piles and small bearing piles with blow rates of 90 blows per
minute and can be provided as single acting.

Diesel hammers are suitable for all types of ground except soft clays. They have the advan-
tage of being self-contained without the need for separate power packs, air compressors



Piling equipment and methods 83

or steam generators. They work most efficiently when driving into stiff to hard clays, and
with their high striking rate and high energy per blow, they are favoured for driving all types
of bearing piles up to about 2.5 m in diameter. The principle of the diesel hammer is that as
the falling ram compresses air in the cylinder, diesel fuel is injected into the cylinder and this
is atomised by the impact of the ram on the concave base. The impact ignites the fuel and the
resulting explosion imparts an additional kick to the pile, which is already moving down-
wards under the blow of the ram. Thus, the blow is sustained and imparts energy over a lon-
ger period than the simple blow of a drop or single-acting hammer. The ram rebounds after
the explosion and scavenges the burnt gases from the cylinder. The well-known Delmag
series of hammers (Figure 3.13) ranges from the D6 with a ram mass of 600 kg suitable for
driving piles up to 2000 kg to the 20 tonnes ram of the D200 with a drop height of 3.4 m
suitable for piles weighing up to 250 tonnes. The characteristics of various makes of diesel
hammer are shown in Table 3.4.

A difficulty arises in using the diesel hammer in soft clays or weak fills, since the pile
yields to the blow of the ram and the impact is not always sufficient to atomise the fuel.
Bermingham of Ontario has developed a high-injection-pressure, ‘smokeless’ diesel ham-
mer which virtually eliminates the problem. The more resistant the ground, the higher the
rebound of the ram, and hence the higher the energy of the blow. This can cause damage to
precast concrete piles when driving through weak rocks containing strong bands. Although
the height of drop can be controlled by adjusting the amount of fuel injected, this con-
trol cannot cope with random hard layers met at varying depths, particularly when these

Figure 3.13 Delmag D30-20 diesel hammer on American-style leaders with helmet for driving steel H-piles.
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Table 3.4 Characteristics of some diesel piling hammers

Mass of ram  Maximum energy ~ Maximum striking

Maker Type (kg) per blow (kj) rate (blows/min)
Berminghammer B9 910 18.5 37-54
(Canada) B32 3,200 10 34
B64 6,400 220 35-56
B5505 4,180 146 35-56
B6505 8,000 275 35-56
B6505HD 10,000 300 35-56
Delmag (Germany) Dé6-32 600 19 38-52
D8-22 800 27 36-52
DI12-42 1,280 46 35-52
Dl6-32 1,600 54 36-52
D19-42 1,820 66 3542
D25-32 2,500 90 35-52
D30-32 3,000 103 36-52
D36-32 3,600 123 36-53
D46-32 4,600 166 35-53
D62-22 6,200 224 35-50
DI100-13 10,000 360 35-45
D150-42 15,000 512 3645
D200-42 20,000 683 36-52
MKT (United DE-33/20/20C 1,495 23 40-50
States) DE-42/35 1,905 30 40-50
DE-70/50C 3,175 50 40-50
DE-150/110C 6,804 107 40-50
ICE International 1-8V2 800 253 36-52
COUStrUCtion [-30V2 3,000 94.8 35-52
(ES:'itP;‘jegttates) 1-80V2 8,000 282 35-45
1-100V2 10,000 353 35-45
1-160V2 16,000 580 35-45
32S 1,364 43.0 41-60
60S 3,175 98.9 41-59
100S 4,535 162.7 38-55
120S 5,440 202.0 38-55
205S 9,072 284.7 40-55

are unexpected. The diesel hammer operates automatically and continuously at a given
height of drop unless the injection is adjusted, whereas with the hydraulic hammer every
blow is controlled in height.

Because of difficulties in achieving a consistent energy of blow, due to temperature and
ground resistance effects, the diesel hammer is being supplanted to a large extent by the
hydraulic hammer, particularly when being used in conjunction with the pile driving analyser
(see Section 7.3) to determine driving stresses. In addition, their use in the United Kingdom
and elsewhere has declined as a result of environmental restrictions on the exhaust and noise.

Manufacturers and suppliers of impact hammers in the United States provide tables of
bearing capacity based on the efficiency, hammer energy and final set per blow, usually
based on a modification of the Hiley 1925 formula.
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3.1.5 Piling vibrators

Vibrators, consisting of one or two pairs of exciters rotating at the same speed in opposite
directions, can be mounted on piles where their combined weight and vibrating energy
cause the pile to sink down into the soil (Figure 3.14). The two types of vibratory hammers,
either mounted on leaders or as free hanging units, operate most effectively when driving
small displacement piles (H-sections or open-ended steel tubes) into loose to medium-dense
granular soils. Ideally, a pile should be vibrated at or near to its natural frequency, which
requires 100 Hz for a 25 m steel pile. Thus, only the high-frequency vibrators are really
effective for long piles as summarised by Holeyman et al.®-?, and while resonant pile-driv-
ing equipment is costly, high penetration rates are possible. The modern resonant drivers
are compact units and operate at frequencies from 80 to 150 Hz, automatically tuning to
the natural frequency of the pile, with little ground vibration and no start-up/shutdown
problems. The resonant driver uses a cylinder—piston mechanism to deliver the force to the
pile through a specialised clamp. It operates at high accelerations (180 g at 150 Hz) and
low amplitudes (8 mm at 80 Hz), controlled by proprietary algorithms. As an example,
resonance drivers can drive HP360 piles to 36 m and 600 mm open-ended tubular piles
to 16 m. However, most types of vibrators operate in the low- to medium-frequency range
(i.e. 10-39 Hz). Vibrators mounted on the dipper arm of hydraulic excavators have high
power-to-weight ratios and are useful for driving short lengths of small tubular section and
H-piles, limited by the headroom under the bucket arm, say 6 m at best.

Rodger and Littlejohn®-3 proposed vibration parameters ranging from 10 to 40 Hz at
amplitudes of 1-10 mm for granular soil when using vibrators to drive piles with low point
resistance, to 4-16 Hz at 9-20 mm amplitude for high-point-resistance piles. Vibrators are
not very effective in firm and stiff clay where frequencies in excess of 40 Hz and high ampli-
tude will be needed; when used in other fine-grained soils, care must be exercised because
of the potential changes in soil properties such as remoulding, liquefaction and thixotropic
transformation. Predicting the performance of vibratory pile driving is still not very reliable.

Figure 3.14 Driving a pile casing with a PVE 200 m free hanging vibrator.
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Where specific test data are not available for the vibrator installing bearing piles or the
pile is not bearing on a consistent rockhead, it is advisable to use the vibrator to install
the pile to within 3 m of expected penetration and then, subject to environmental consid-
erations, use an impact hammer to drive to required set in the bearing layer. Vibrators can
be used in bored pile construction for sealing the borehole casing into clay after predrilling
through the granular overburden soils. After concreting the pile, the vibrators are used to
extract the casings and are quite efficient for this purpose in all soil types (see Section 3.4).

Vibrators have an advantage over impact hammers in that the impact noise and shock
wave of the hammer striking the anvil is eliminated. They also cause less damage to the
pile and have a very fast rate of penetration in favourable ground. Provided that the electric
generator for the exciter motor is enclosed in a well-designed acoustic chamber, the vibrators
can be used in urban areas with far lower risk of complaints arising due to noise and shock-
wave disturbance than when impact hammers are used. However, standard vibrators with
constant eccentric moment have a critical frequency during starting and stopping as they
change to and from the operating frequency, which may resonate with the natural frequency
of nearby buildings. This can cause a short period of vibrations which are quite alarming
to the occupants. The development of high-frequency (greater than 30 Hz), resonance-free
(RF) vibrators with automatic adjustment has virtually eliminated this start-up and shut-
down ‘shaking zone’, reducing peak particle velocity (ppv) to levels as low as 3 mm/s at
2 m from the pile (see Section 3.1.7). These vibrators are more powerful than the lower-
frequency variable moment (VM) vibrators, generating greater driving force and displace-
ment amplitude to overcome the toe resistance when driving longer and larger displacement
piles®4. Types of vibrators suitable for driving bearing piles are shown in Table 3.5.

Vibrating pokers or vibroflots, which are used extensively for improving the bearing capac-
ity and settlement characteristics of weak soils by vibro-compaction or vibro-replacement
techniques, have been adapted to construct vibro concrete columns (VCCs). As described
in Section 2.3.7, concrete is injected into the hole at the tip of the poker and vibrated as
it is withdrawn to provide a pile capable of carrying light vertical loading in weak soils.
Figure 3.15 shows the simple set-up for concreting.

3.1.6 Selection of type of piling hammer

The selection of the most suitable type of hammer for a given task involves a consideration
of the type and weight of the pile and the characteristics of the ground into which the pile
is to be driven. Single- and double-acting hammers and hydraulic and diesel hammers are
effective in all soil types, and the selection of a particular hammer for the given duty is based
on a consideration of the value of energy per blow, the striking rate and the fuel consump-
tion. The noise of the pile-driving operation will also be an important consideration in the
selection of a hammer. This aspect is discussed in Section 3.1.7.

Knowledge of the value of energy per blow is required to assess whether or not a ham-
mer of a given weight can drive the pile to the required penetration or ultimate resistance
without the need for sustained hard driving or risk of damage to the pile or hammer and the
possible injury to the operator. The use of a dynamic pile-driving formula to provide a rough
assessment of the ability of a hammer to achieve a specific ultimate pile capacity has largely
been replaced by the application of data from a large number of instrumented pile-driving
tests undertaken to assess hammer capabilities and related pile performance. As a result, the
manufacturer’s rated energy per blow is now more reliable, and the efficiency of hammers
has been improved significantly. Vibratory hammers will operate at 90%-100% efficiency
on sheet piles, and well-maintained, modern hydraulic hammers with internal ram velocity
measurements can operate at efficiencies approaching 100%. Diesel hammers can operate
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Table 3.5 Characteristics of some pile-driving and extracting vibrators

Frequency Minimum power

Maker Type range (Hz)  Mass (kg) supply (KVA)
ABI Gruppe (Germany) HVR45 41 800 65
HVR75 4] 1,400 130
MRZV |17V 3043 2,105 257
MRZV 36VV 3243 4,043 470
MRZV 10V 36 2,170 I55
MRZV 36V 33 4,000 465
MRZVI2V2 0-35 2,560 205
MRZV30V2 0-25 4,280 490
MRZV36V- 0-23 4,280 465
American Piledriving Equipment 3 0-50 204 7
(United States) 50 0-38 2,064 202
200 0-30 1,183 438
600 0-23 22,000 883
120VM 0-38 3,402 276
170VM 0-38 4,037 276
250VM 0-38 6,985 515
Dawson Construction Plant EMV70b 50 410 12
(United Kingdom) EMV300A® 40 625 60
EMV450° 4| 1,008 88
EMV550° 42 1,150 120
Dieseko PVE (Holland and 25M 28 2,900 272
United States) 38M 28 3,000 295
52M 28 4,000 434
I 10M¢ 28 7,000 558
200M 23 21,000 980
300M 23 27,250 1,633
2312VM 38 2,050 152
2319VM 38 2,675 291
2335VM 38 4,400 590
2070VM 33 6,800 913
ICE — International 14C 32 1,716 168
Construction Equipment 558 25 5,740 444
(Holland and United States) 84C 25 7.240 597
84C/1200 27 7,240 887
I4RF 38 2,420 213
28RF 38 3,800 431
64RF 32 5,000 683
416L 27 2,350 209
55NF 28 3,580 360
1412C 23 6,400 525
625 42 685 17
3220 33 3,850 285

(continued)
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Table 3.5 (continued) Characteristics of some pile-driving and extracting vibrators

Frequency Minimum power
Maker Type range (Hz)  Mass (kg) supply (KVA)
PTC (France) 8HFV 39 1,402 113
18H2 27 2,450 112
[4HFV 35 3,590 148
30HV 28 4,400 220
45HV 28 7,000 298
52HV 28 7,070 323
75HD 25 11,800 360
120 HD 23 1,330 481
200HD 23 19,540 709
265HD 24 27,450 1131
Soilmec (Italy) VS-2 30 1,138 106
VS-4 30 1,901 200
VS-8 30 3,500 450

V, generally denotes VM vibrator.

2 Leader mounted.

® Mounted on excavator dipper arm.

¢ A modular hammer, several of which can be mounted around a tubular pile (10 m maximum diameter).

Figure 3.15 Installation of VCC showing concreting hose connected to vibrator. (Courtesy of Vibro Ménard,
part of the Bachy Soletanche Group, Ormskirk, UK.)

at 80% but are likely to exhibit the widest efficiency variations, particularly in difficult
driving conditions. In all cases, the energy delivered by the hammer to the pile depends on
the accuracy of alignment of the hammer, the type of packing inserted between the pile and
the hammer, and the condition of the packing material after a period of driving.

The GRLWEAP® software from Pile Dynamics Inc (see Appendix C) contains a large
database of hammer performance which enables the piling engineer to predict driveability,
optimise the selection of hammer, select an energy level which will not damage the pile and
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Figure 3.16 Pile driveability curves.

ensure that the correct dolly and adapters are used. When used in conjunction with a pile-
driving analysis program based on the Smith wave equation (see Section 7.3), the designer
can receive outputs showing driving stresses and hammer performance in real time.

The curves of the type in Figure 3.16 show the results of an investigation into the feasibility
of using a D100 diesel hammer to drive 2.0 m outside diameter (OD) by 20 mm wall thick-
ness steel tube piles through soft clay into a dense sandy gravel. The piles were to be driven
with closed ends to overcome a calculated soil resistance of 17.5 MN at the final penetration
depth. Figure 3.16 shows that a driving resistance (blow count) of 200 blows/250 mm pen-
etration would be required at this stage. This represents a rather severe condition. A blow
count of 120-150 blows/250 mm is regarded as a practical limit for sustained driving of
diesel or hydraulic hammers. However, 200 blows/250 mm would be acceptable for fairly
short periods of driving.

The American Petroleum Institute (API)*15) suggests that if no other provisions are
included in the construction contract, pile-driving refusal is defined as the point where the
driving resistance exceeds either 300 blows per foot (248 blows/250 mm) for 1.5 consecu-
tive metres or 800 blows per foot (662 blows/250 mm) for 0.3 m penetration. Figure 3.16
also shows the driving resistance curves for a 25 tonne drop hammer with drops of 1.5 or
2.0 m to be used as a standby to achieve the required soil resistance if this could not be
obtained by the diesel hammer.

Vibratory hammers are very effective in loose to medium-dense granular soils, and the
high rate of penetration of low-displacement steel piles driven by vibratory hammers may
favour their selection for these conditions. The drawback is that there is no reliable correla-
tion between pile refusal under vibration and the dynamic resistance of the soil.

3.1.7 Noise and vibration control in pile driving

The control of noise on construction sites is a matter of increasing importance in the present
drive to improve environmental conditions, and the ‘Control of Noise at Work Regulations
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2005’ implements the European directive for the protection of workers from the risks related
to the exposure to noise. The requirements for employers to make an assessment of noise lev-
els and take action to eliminate and control noise are triggered by three action levels: daily
or weekly (5 days of 8 h) personal noise exposures of 80 dBA as the lower level, 85 dBA as
the upper level and a peak (single loud noise) of between 135 and 137 dBC weighted. The
exposure limit values are 87 dBA and 140 dBC at peak; the method of calculating the vari-
ous exposure levels is defined in the regulations. If these levels are exceeded, then employers
are required to reduce noise at source by using appropriate working methods and equipment,
but if noise levels cannot be controlled below the upper action level by taking reasonably
practicable measures, suitable personal hearing protection which eliminates the risk must be
provided. It should be noted that the noise is measured on a logarithmic scale — a reduction
in noise of 3 dB is equivalent of reducing the intensity of the noise by half. As a guide, if it
is necessary to shout to be heard 2 m away, then the noise level is likely to be above 85 dBA.
As the regulations do not apply to the control of noise to prevent annoyance or hazards to
the health of the general public outside the place of work, the Environment Protection Act
(EPA) and Control of Pollution Act provide the general statutory requirements to control
noise and vibrations which are considered to be a legal nuisance.

Code of practice BS 5228-1 (Noise) gives best practice recommendations for noise control
onsites and guidance on predicting and measuring noise. It also covers the procedures for
obtaining consent from the local authority under sections 61 of the Control of Pollution Act
for proposed noise control measures. It is recognised that the noise from many pile-driving
methods will exceed 85 dBA, but as the operations are not continuous through the work-
ing day, the observed noise level (or ‘basic sound power level’ as given in the Code) can be
converted to an ‘equivalent continuous sound pressure level’ that takes into account the
duration of the noise emission, distance from the source, screening and reflection®®. For
example, in Table C12 of the Code, a Junttan PM25 4 tonne hydraulic hammer driving cast-
in-place piles has a sound power level of 103 dB, which, if operated for 65% of the site day,
reduces to an equivalent continuous sound pressure level of 84 dB at 10 m.

Local authorities are empowered under the EPA and Control of Pollution Act to set
their own standards of judging noise nuisance, and maximum daytime and night-time
noise levels of 70 and 60 dBA respectively, are frequently stipulated for urban areas (and
as low as 40 dBA in sensitive areas — the typical sound level of rainfall). The higher
of these values can be compared with field observations of pile-driving noise obtained
from a number of sources and shown in Figure 3.17. Other information has shown that
the attenuation of pile-driving impact noise to the 70 dBA level from the noisiest of the
hammers requires a distance of more than 1000 m from the sound. Thus, if a maximum
sound level of 70 dBA is stipulated by a local authority, it is necessary to adopt some
means of controlling noise emission in order to protect the general public whose dwellings
or place of work is closer to the construction operations®¢). Methods include enclosing
the pile and hammer within an acoustic shroud, hanging flexible acoustic screens, using
the appropriate dolly (cap), and changing the piling system to push-in or vibration. As
an example of an acoustic shroud, Hoesch steel sandwich panels (from ThyssenKrupp)
were used to form a tower comprising an outer 2 mm steel plate, a plastics layer 0.4 mm
thick and an inner 1.5 mm steel plate jointed by a rubber insertion material, with a lid
incorporating a sound-proofed air exhaust. This box reduced the noise from a Delmag
D12 diesel hammer driving a sheet pile from 119 dBA at 7 m to 87-90 dBA at the same
distance. Figure 3.18 shows a typical stand-alone shroud. The MENCK noise reduction
shroud which is mounted directly onto the MHU hydraulic hammer can reduce the noise
level by 10-12 dBA. In sensitive areas in the United States, noise-absorbing blankets have
to be placed around the piling works.
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Figure 3.18 Noise suppression shroud around tubular steel pile driven by a hydraulic impact hammer.
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Crane-mounted augers using kelly bars for bored piles (see Section 3.3.4) and large CFA
rigs can produce sound power levels as high as 108 dBA and are usually operated between
85% and 100% of the shift. This results in equivalent continuous sound pressure levels in
excess of 80 dBA at 10 m. Acoustic enclosures are essential for ancillary plant. The use of
vibratory hammers for driving steel bearing piles has increased, and although noise is gen-
erally less than that produced by impact hammers, basic sound levels can still be around
115 dBA in difficult driving conditions. Even with conversions to equivalent sound, noise
abatement measures are usually necessary.

There is little evidence to show that ground-borne vibrations from well-controlled con-
struction operations cause structural damage to buildings in good repair®”. However, if
there is a concern, then steps must be taken to survey buildings and measure vibrations
induced by construction activity. BS 7385 describes methods of assessing vibrations in
buildings and gives guidance on potential damage levels. The limits for transient vibration
above which non-structural (‘cosmetic’) damage could occur are given in Code of practice
BS 5228-2 (Vibration). For example, the limits for residential property are a ppv of 15 mm/s
at 4 Hz to 50 mm/s at 50 Hz and for heavy and stiff buildings 50 mm/s at 4 Hz and above.
Protected buildings and buildings with existing defects and statutory services undertak-
ings will be subject to specific lower limits, and under the Control of Pollution Act, local
authorities need to give prior consent for piling work which may cause vibrations. EC3-5
requires that vibration limits to suit connected or adjacent structures are taken into account
for serviceability.

The human response, which can be sensitive to vibration well below that needed to cause
damage, should also be considered; BS 6472-1 advises on the assessment of the ‘vibration
dose value’ for night-time and daytime working. Transmission of vibrations during piling
depends on the strata, size and depth of pile and hammer type, and predictions of the result-
ing ground frequency and ppv at distance from the source are difficult, as can be seen from
the historical data given in Table D of BS 5228. Monitoring of noise and vibration is now
regularly applied on urban piling sites, with the data recorded electronically and reported in
real time to interested parties.

The acoustic measurements given in the COWRIE reports®#® on environmental effects
of impact piling for offshore structures have revealed that the noise generated can affect
marine life for several kilometres from the site. The mitigation measures studied include
bubble curtains (limited effect), with preference for smaller piles and vibratory piling. New
wind farm developments in the North Sea are likely to consider shallow gravity foundations
to avoid disturbance from piling.

Press-in drivers (or vibration-less hydraulic jacking) such as the Dawson push—pull unit
with 2078 kN pressing force are becoming more common particularly for sheet piling,
but many of the units can be adapted for installing box-type bearing piles, tubular piles
and H-pile groups. The advantages of these powerful, high-pressure hydraulic drivers
using two to four cylinders are the low noise levels (around 60 dBA) and the speed and
vibration-less installation and extraction of piles. Figure 3.19 shows the push—pull unit,
mounted on a leader with a supporting piling frame, installing a box pile comprising
4 sheet piles clutched together to a depth of 14 m through stiff boulder clay; the leader is
capable of providing additional pull-down where needed. The applied load was 2760 kN.
The upper part of the piles were exposed and filled with concrete to form permanent
bridge piers. Figure 3.20 shows the four-cylinder unit suspended from a crane press-
ing a box pile through temporary aligning casing. In both cases, the reaction for the
push-in ram is provided by clamping the adjacent rams to the driven sheet piles of the
box. Cleaning out the soil plug to allow bonding of concrete to a sheet pile box pile is
not feasible.
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Figure 3.19 Push—pull piler installing box piles for bridge piers. (Courtesy of Dawson Construction Plant
Ltd, Milton Keynes, UK.)

Figure 3.20 Crane-suspended push—pull piler. (Courtesy of Dawson Construction Plant Ltd, Milton Keynes, UK.)

3.1.8 Pile helmets and driving caps

When driving precast concrete piles, a helmet is placed over the pile head for the purpose
of retaining in position a resilient dolly or cap block that cushions the blow of the hammer
and thus minimises damage to the pile head. The dolly is placed in a recess in the top of
the helmet (Figure 3.21). For easy driving conditions, it can consist of an elm block, but for
rather harder driving, a block of hardwood such as oak, greenheart, pynkado or hickory is
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Figure 3.2 Dolly and helmet for precast concrete pile.

set in the helmet end onto the grain. Plastic dollies are the most serviceable for hard driving
concrete or steel piles. The Micarta dolly consists of a phenolic resin reinforced with lamina-
tions of cross-grain cotton canvas; its modulus of elasticity of 3200 MN/m? is 10 times that
of a hardwood (oak) dolly. Layers of these laminates can be bonded to aluminium plates
or placed between a top steel plate and a bottom hardwood pad. The helmet should not fit
tightly onto the pile head but should allow for some rotation of the pile, which may occur as
it strikes obstructions in the ground.

Packing is placed between the helmet and the pile head to cushion further the blow on
the concrete. This packing can consist of coiled rope, hessian packing, thin timber sheets,
coconut matting or wallboards. Asbestos fibre packing, while resistant to the heat gener-
ated, is no longer acceptable. The packing must be inspected at intervals and renewed if it
becomes heavily compressed and loses its resilience. Softwood packing should be renewed
for every pile driven.

Driving caps are used for the heads of steel piles, but their function is more to protect
the hammer from damage than to protect the pile. The undersides of the caps for driving
box or H-section piles have projecting lugs to receive the head of the pile. Those for driving
steel tubular piles (Figure 3.22) have multiple projections that are designed to fit piles over a
range of diameters. They include jaws to engage the mating hammers.

Plastic dollies of the Micarta type have a long life when driving steel piles to a deep pen-
etration into weak rocks or soils containing cemented layers. These can last 40 times longer
than elm blocks, for example when driving precast piles, and hence are more economic.
Thick cushion blocks of softwood, further softened by soaking, have been used for each pile
to avoid damage when driving prestressed concrete piles. However, for economy, contrac-
tors often cushion the pile heads with scrap wire rope in the form of coils or in short pieces
laid crosswise in two layers. These are replaced frequently as resilience is lost after a period
of sustained driving and noise levels increase significantly. If dollies have to be changed
while driving a pile, the blow count could change significantly.

3.1.9 Jetting piles

Water jets can be used to displace granular soils from beneath the toe of a pile. The pile then
sinks down into the hole formed by the jetting, so achieving penetration without the use of
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a hammer. Jetting is a useful means of achieving deep penetration into a sandy soil in condi-
tions where driving a pile over the full penetration depth could severely damage it. Jetting
is ineffective in firm to stiff clays however, and when used in granular soils containing large
gravel and cobbles, the large particles cannot be lifted by the wash water. Nevertheless,
the sand and smaller gravel are washed out, and penetration over a limited depth can be
achieved by a combination of jetting and hammering. Air can be used for jetting instead
of water, and bentonite slurry can be also used if the resulting reduced shaft friction is
acceptable.

For jetting piles in clean granular soils, a central jetting pipe is the most effective
method, as this helps to prevent the pile from deviating off line. A 25-50 mm nozzle
should be used with a 50-75 mm pipe. The quantity of water required for jetting a pile of
250-350 mm in size ranges from 15 to 60 litres/s for fine sands through to sandy gravels.
A pressure at the pump of at least 5 bar is required. The central jetting pipe is connected
to the pump by carrying it through the side of the pile near its head. This allows the pile
to be driven down to a set on to rock or some other bearing stratum immediately after
shutting down the jetting pump. When using jets to assist driving of prestressed piles, it is
essential that water from the internal jetting pipe does not make contact with the body of
the pile, as this may enter any rebound tension cracks resulting in the compression blow
damaging the pile.

A central jetting pipe is liable to blockage when driving through sandy soils layered with
clays, and the blockage cannot be cleared without pulling out the pile. A blockage can result
in pipe bursting if high jetting pressures are used. Open-ended steel tubular piles and box
piles can be jetted by an independent pipe worked down the centre or the outside of the
pile, and H-piles can be similarly jetted by a pipe operated between the flanges but rigging
the system can cause delays to pile driving. Large-diameter tubular piles can have a ring of
peripheral jetting pipes to assist in breaking up a soil plug. For example, Gerwick®* has
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described the system for jetting 4 m diameter tubular steel piles with 50 mm wall thickness
for a marine terminal. Sixteen 100 mm pipes were permanently installed around the inner
periphery of the pile with the nozzles cut away at each side to direct the flow to the pile tip.
He gives the following typical requirements for jetting large-diameter piles:

Jet pipe diameter  40-50 mm
Pressure 20-25 bar (at pump)
Volume 12 litres/s per jet pipe

The large volume of water used in jetting can cause problems by undermining the piling
rig or adjacent foundations as it escapes towards the surface. It can also cause a loss of shaft
friction in adjacent piles in a group, and external jetting for marine piles will reduce lateral
resistance. Where shaft friction must be developed in a granular soil, the jetting should be
stopped when the pile has reached a level of about 1 m above the final penetration depth,
the remaining penetration then being achieved by hammering the pile down. The jetting
method is best suited to piles taken down through a granular overburden to end bearing on
rock or some other material resistant to erosion by wash water.

Water jetting is also used in conjunction with press-in and vibratory piling techniques to
assist penetration of sheet piles in dense granular soil. A lance is fitted inside the pile pan and
both are driven simultaneously into the ground. On reaching the required depth, the lance
is removed for reuse. Low injection rates are used at high pressure (5 litres/s at 150 bar).

3.2 EQUIPMENT FOR INSTALLING DRIVEN
AND CAST-IN-PLACE PILES

The rigs used to install driven and cast-in-place piles are similar in most respects to the types
described in Sections 3.1.1 through 3.1.3, but the firms who install proprietary types of pile
usually make modifications to the rigs to suit their particular systems. The piling tubes are
of heavy section, designed to be driven from the top by drop, single-acting or diesel ham-
mers, but the original Franki piles (Figure 3.23 and Section 2.3.2) are driven by an internal
drop hammer. The internal hammer mass will be between 2 and 8 tonne for pile tubes of
248-610 mm diameter. The leaders of the piling frames are often adapted to accommodate
guides for a concreting skip (Figure 3.24).

Thick-walled steel cased piles designed to be filled with concrete are driven more effec-
tively by a hammer operating on the top than by an internal drop hammer acting on a plug
of concrete at the base. This is because a hammer blow acting on top of the pile causes the
tube to expand and push out the soil at the instant of striking, followed by a contraction
of the tube. This frees the tube from some of the shaft friction as it moves downwards under
the momentum of the hammer. The flexure of the pile acting as a long strut also releases the
friction at the moment of impact. However, when using an internal drop hammer, tension is
induced in the upper part of the pile and the diameter contracts, followed by an expansion
of the soil and an increase in friction as the pile moves downwards. Flexure along the piling
tube does not occur when the hammer blow is at the base, and thus there is no reduction in
friction from this cause. Tension caused by driving from the bottom can cause the circum-
ferential cracking of hollow-core reinforced concrete and thin-walled steel tubular piles.

Top driving has another advantage in allowing the pile to be driven with an open end,
thus greatly reducing the end-bearing resistance during driving, but the soil plug will
have to be drilled out if the concrete pile is to be cast in place as the tube is withdrawn.
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Figure 3.23 Franki pile-driving rig.

Also top-driven thick-walled drive tubes with expendable end plate/shoes produce a dry
hole for concreting as the tube is withdrawn. In easy driving conditions, bottom driving
on a plug will give economy in the required thickness of the steel and considerable reduc-
tion in noise compared with top driving. For example, Cementation Foundations Skanska
installed 508 mm diameter bottom-driven thin-walled (6 mm) steel piles up to 15 m long
in Cardiff Bay in preference to thicker-walled, top-driven, cased piles to reduce disturbance
to residents. A 4 tonne drop hammer was used to drive the bottom plug to found in Mercia
Mudstone; concreting was direct from the mixer truck or by skip.

Great care is necessary to avoid bursting of the tube by impact on the concrete when
bottom driving through dense granular soil layers or into weak rocks containing bands of
stronger rock. The concrete forming the plug should have a compacted height of not less
than 2.5 times the pile diameter. In calculating the quantity of concrete required, allow-
ance should be made for a volume reduction of 20%-25% of the uncompacted height. The
concrete should be very dry with a water/cement ratio not exceeding 0.25 by weight. A hard
aggregate with a maximum size of 25 mm should be used.

At least 10 initial blows should be given with hammer drops not exceeding 300 mm and
then increasing gradually. The maximum height of drop should never exceed the maximum
specified for the final set which is usually between 1.2 and 1.8 m. Driving on a plug should
not exceed a period of 1% h. After this time, fresh concrete should be added to a height of
not less than the pile diameter, and driving continued for a period of not more than 1% h
before a further renewal. For prolonged hard driving, it may be necessary to renew the plug
every three-quarters of an hour.
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Figure 3.24 Discharging concrete into the driving tube of a withdrawable-tube pile. Concreting skip travel-
ling on pile frame leaders.

3.3 EQUIPMENT FOR INSTALLING BORED
AND CAST-IN-PLACE PILES

3.3.1 Power augers

Power-driven rotary auger drills are suitable for installing bored piles in clay soils. A wide
range of machines is available using drilling buckets, plate and spiral augers, and CFAs,
mounted on trucks, cranes and crawlers to bore open holes. This allows for the installa-
tion of a full-length reinforcement cage where needed — say in tension piles. The range of
diameters and depths possible is considerable, from 300 mm to over 5000 mm and to depths
of 100 m. Hydraulic power is generally used to drive either a rotary table, a rotating kelly
drive on a mast or a top-drive rotary head; some tables are mechanically operated through
gearing. Most units have additional pull-down or crowd capability to apply pressure to the
bit. The soil is removed from spiral-plate augers by spinning them after withdrawal from
the hole and from buckets either by spinning or through a single or double bottom opening.
It is an EU mandatory safety requirement that spoil from an auger should be removed at the
lowest possible level during extraction to ensure that debris from the flights cannot fall onto
personnel or damage machinery and to avoid rig instability. Hydraulically operated cleaners
which can be rapidly adjusted to suit CFA diameters from 400 to 2000 mm are available.

As well as being used for producing under-reamed or belled pile bases, large-diameter
bored piles have facilitated the construction of high-capacity piles incorporating the plunge
column technique, allowing top-down construction of basements (Section 2.5).
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Figure 3.25 Watson 5000 crane attachment power auger on elevated platform on a 40 tonnes crane with
200 mm telescopic kelly for installing 2440 mm casings.

The use of crane-mounted attachments for boring piles with a kelly, rotated by either a
top-drive hydraulic unit or a mechanical/hydraulic rotary table, has declined considerably in
recent years with the introduction of the more mobile and powerful top-drive units. Watson
continues to produce the 5000 model (Figure 3.25) which has a rotary torque of 153.7 kNm
capable of running 3000 mm boring tools using quadruple kellys. The truck-mounted unit
(Figure 3.26) is a self-contained drill for 1800 mm diameter bores up to 18 m deep using
a telescopic kelly. The largest Watson crawler drill with rotary torque of 244 kNm is spe-
cifically designed to bore shafts up to 3660 mm diameter to depths of 41 m. The range of
Calweld drilling machines has also been eclipsed by the modern mobile rig, but there are
many lorry-mounted bucket drills, crane attachments and rotary drive table units on the
resale and hire market, particularly in the United States.

Soilmec produces a limited range of crane-mounted rigs; the RT3-ST, which has a
mechanically driven rotary table with a maximum torque of 210 kNm, can bore 3000 mm
diameter holes to a depth of 42 m with a standard kelly and to 120 m with a special qua-
druple kelly. The largest unit is the SA40 which has a hydraulically powered rotary table
producing up to 452 kNm torque capable of drilling 5000 m diameter holes to 90 m,
mounted on a 90 tonne crane.

Bauer has developed a powerful bucket auger unit (the Flydrill System in Figure 3.27)
which integrates the hydraulic power packs and the rotary drive on one platform for mount-
ing on top of a partially driven tubular pile. The rotary drive produces a torque of 462 kNm
at 320 bar, and two hydraulic crowd cylinders provide a pull-down of 40 tonne. The clamp-
ing device can exert a total force of 90 tonnes to resist the torque and apply the pull-down.
The system operates a triple telescope kelly with 3 and 4.4 m diameter buckets and was used
for cleaning out and reaming below 4.75 m diameter tubular monopile foundations to allow
driving to be completed to a depth of 61 m at the offshore wind farm in the Irish Sea off
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Figure 3.26 Watson 2100 truck-mounted auger drill.

Figure 3.27 Flydrill 5500 with bucket auger removing spoil from 4.75 m diameter monopiles at the Barrow
offshore wind farm site. (Courtesy of Bauer Maschinen GmbH, Schrobenhausen, Germany.)
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Barrow-in-Furness. Leffer has produced a crane-suspended, down-the-hole hydraulic power
swivel which clamps to the cased pile bore and sits directly above the auger bucket. The larg-
est unit will operate in 3000 mm casing at a torque of 30 kNm.

The range and capabilities of crawler-mounted hydraulic rotary piling rigs have increased
significantly in recent years. The rigs in Table 3.6 are usually capable of installing CFA
and rotary displacement piles as well as standard bored piles, but the height of the mast

Table 3.6 Some hydraulic self-erecting crawler rigs

Typical Maximum
Standard Main winch Maximum maximum torque
Maker Type stroke (m)  capacity (kN)  diameter (mm)  depth (m) (kNm)
American SA 12 40 135 1500 41 160
Piledriving SA 20 5.0 180 2000 50 225
Equipment SA 25 6.0 250 2500 86 280
(United States)
BG I5H 12 110 1500 40 151
Bauer BG 20H 15 170 1500 51 200
(Germany) BG 24H 15.4 200 1700 54 222
BG 28H 18.4 250 1900 71 270
BG 40 19.7 300 3000 80 390
BG 50 19.5 500 3000 82 468
RG 185 18.0 170 Driven piles 18 200
RG 225 22.0 55 “ 22 200
RG 255 25.0 200 25 275
Casagrande B125 XP 12.6 160 1500 50 125
(Tealy) B200 XP 13.7 214 2200 67 210
B300 XP 15.0 270 2500 90 300
B400 HT 13.5 320 3000 87 358
B450XP 21.5 420 3000 110 420
C850 H50 14 320 3000 87 545
€850 DH 19.1 250 1000 18.6/24.5  358/42|
C850b 34 320 1000 35 545
Delmag RHI2 12 200 1450 18 120
(Germany) RHI14 12.5 200 1580 23 144
RH20 14.2 300 1830 30 206
RH26 15 420 1960 36 265
Liebherr LB 16 200 1500 34 161
(Germanyand B 20 200 1500 46 200
United States) | g g 250 2500 70 280
LB 36 300 3000 88 366
Soilmec (ltaly) SR 30 35 135 1500 48 130
SR 50 1.0 185 2000 6l 180
SR 70 6.5 240 2500 77 271
SR 100 21.7 270 3500 28 480
SF50P 19.5 NA 900 25 100
SF70° 225 NA 1000 28 165
SF140b 27.9 NA 1400 34 305

2 Pulling force.
® Rigged for CFA drilling.
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and stroke available may limit the depth achievable; hence, the major manufacturers pro-
duce special long stroke rigs for CFA piles up to 34 m deep. For bored piles, many rigs
can accommodate casing oscillators and most have rams or winches to provide additional
crowd and extraction forces, requiring robust masts and extendable tracks for stability.
The major manufacturers also produce double rotary heads (usually capable of rotating in
opposite directions) as attachments for the more powerful piling rigs which enable casing
up to 1000 mm diameter to be installed with the lower drive while augering with the top
drive. The dual-rotary system from Foremost Industries of Canada operating on their DR
40 crawler rig provides 30 kNm torque through the top drive for boring and 339 kNm
torque on the lower rotary table for simultaneous casing up to 1000 mm diameter. The
Liebherr pile-driving rigs (see Section 3.1.1) have the option of running double rotary top
drive or kelly tools for bored and CFA piles. In-cab electronic instrumentation and read-
out to control positioning and drilling parameters are standard on most modern rigs.

A major benefit of the modern self-erecting boring rig is the ability to change tools quickly
to suit changing ground conditions. These units can be rigged in a variety of ways for CFA,
kelly and rotary-percussive boring and pile driving. In addition, the larger rigs are enhanced
with electronic systems and on-board telemetry which improve accuracy of pile installation
and reduce noise emissions. The depths, diameters and strokes quoted in Table 3.6 depend
on the drilling method used and whether extended leaders are added.

Various types of equipment are available for use with rotary augers. The standard and
rock augers (Figure 3.28a and b) have scoop-bladed openings fitted with projecting teeth.
The coring bucket is used to raise a solid core of rock (Figure 3.28¢), and the bentonite
bucket (Figure 3.28d) is designed to retain the stabilising filter cake which forms on the
borehole wall (see Section 3.3.8). Both types of bucket augers are available in diameters up

VA
XA

Figure 3.28 Types of drilling tools. (a) Standard auger. (b) Rock auger. (c) Coring bucket. (d) Bentonite
bucket. (e) Chisel.
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Figure 3.29 Under-reaming tools. (a) Bottom hinge. (b) Top hinge.

to 2500 mm and can be configured to rip hard soil and medium rock; they are effective in
fine- and coarse-grained soil, with borehole support where necessary. They are also effective
below water table.

Enlarged or under-reamed bases can be cut by rotating a belling bucket within the
previously drilled straight-sided shaft. The bottom-hinged bucket (Figure 3.29a) cuts to a
hemispherical shape, and because it is always cutting at the base, it produces a clean and
stable bottom. However, the shape is not as stable as the conical form produced by the top-
hinged bucket (Figures 3.29b and 3.30), and the bottom-hinged arms have a tendency to jam
when raising the bucket. The arms of the top-hinged type are forced back when raising the
bucket, but this type requires a separate cleaning-up operation of the base of the hole after
completing the under-reaming. Belling buckets normally form enlargements up to 3.7 m in
diameter in shafts of at least 760 mm but can excavate to a diameter of 7.3 m with special
attachments in large-diameter bores.

The optimum condition for the successful operation of a rotary auger rig is a fine-grained
soil which will stand without support until a temporary steel tubular liner is lowered down
the completed hole or a granular soil supported by bentonite slurry or other stabilising fluid.
In these conditions, fast drilling rates of up to 7 m per hour are possible for the smaller shaft
sizes. The use of sectional flight augers (SFAs) to install temporary casing in water-bearing
uniform sands is not advisable, because as water drains, a solid plug can form in the casing
jamming the auger. Methods of installing piles with these rigs are described in Section 3.4.6.

Figure 3.31 shows the LD5000 reverse-circulation pile-top drill and 4.3 m under-reaming
bit, both designed, built and operated by Large Diameter Drilling Ltd., mobilising for install-
ing monopiles at the Gwynt y Mor offshore wind farm. The monopiles will generally be
driven to target depth (up to 64 m) with the LD5000 deployed to replace the hammer when
needed in hard ground to under-ream the pile for further driving. Golightly®'% comments
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Figure 3.30 Top-hinged under-reaming bucket.

Figure 3.31 LDD reverse-circulation drill bit 4.3 m diameter with expandable under-reamers to maxi-
mum 6 m for drilling inside and below tapered piles. (Courtesy of Large Diameter Drilling
Ltd, Penryn, UK.)
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on the problems of constructing ever-larger monopiles — for example 6.5 m diameter with
D/t ratios up to 100, 70 m deep in water depths of 40 m — such as severe tip buckling and
adverse tilt and settlement where piles are not end bearing on hard dense soils or bedrock.

3.3.2 Boring with casing oscillators

In difficult drilling conditions through loose sands, gravels and broken rock formations,
the pile borehole is likely to require continuous support by means of casing. In such con-
ditions, it is advantageous to use an oscillator mechanism which imparts a semi-rotating
motion (or fully rotating in special applications) to the casing through clamps. Vertical rams
attached to the clamps enable the temporary, double-walled casing with carbide shoes, to
be forced down to follow the drilling tool. The semi-rotating motion is continuous (usually
through 25°), which prevents the casing from becoming ‘frozen’ to the soil, and it is con-
tinued while extracting the casing after placing the concrete. Typical jointed casings (e.g.
the Bauer and Casagrande types) have male/female joints which are locked by inserting and
tightening bolts manually (which can have safety implications) or by an automatic adapter
lock to resist the high rotating or oscillating forces.

Hydraulic casing oscillators are available from most of the large rig manufacturers to
attach to crane-mounted rigs or to rotary drills with diameters from 1000 to 3800 mm
and torque capability up to, for example, 8350 kNm from the Soilmec 3000, which has a
clamping force of 478 kN and lifting force of 725 kN. The material has to be broken up and
excavated from within the pile casing with ancillary equipment, and various methods are
used; these include a hammer grab hanging from a crane, removal by augers and down-the-
hole hammers on crawler rigs. The Malcolm Drilling Company used the large Leffer VRM
3800 oscillator, capable of applying torque up to 12,620 kNm, to install permanent 3.7 m
diameter, 38 mm thick welded casings to rockhead 52 m deep, for the foundation shafts of
the Doyle Drive Viaduct in San Francisco. Excavation of the highly variable overburden in
the casing was by a 40 tonnes spherical grab (Figure 3.32), and a 3 m diameter, 14 m deep
rock socket into the complex subducted Franciscan beds was rotary drilled using a Bauer
BG40 rig. Dense reinforcement and a self-compacting concrete were required for the length
of the shaft to meet the extreme seismic conditions.

Drilling and installing casing simultaneously (‘duplex’ drilling) through cobbles, boul-
ders and rubble using special casing shoes and casing under-reamers attached to top-drive,
down-the-hole compressed air hammers has advanced significantly. For example, Numa
hammers of the United States manufacture a range of drills capable of installing casing up
to 1219 mm diameter to 15 m deep using a rotary-percussive under-reamer which can be
retracted to allow concreting of the pile as the casing is withdrawn (Figure 3.33).

3.3.3 Continuous flight auger drilling rigs

A typical CFA rig is shown in Figure 3.34. Drilling output with the rigs in Table 3.6 is
greater than that achievable with standard bored piles as the pile is installed in one continu-
ous pass; hence, the mast must have an adequate stroke for the auger under the rotary head.
A kelly may be inserted through the rotary head to increase depth on some rigs. Most CFA
rigs have crowd capability to assist in penetrating harder formations, and augers should be
designed to suit the high torques available. Possible diameters range from 500 to 1400 mm
to a maximum depth of 34 m.

Cased CFA piles have become more popular with the development of cleaners/collectors
operating at the top of the casing which discharge spoil into telescopic chutes for removal at
ground level (Figure 3.35). With suitable auger extensions and a robust drilling mast, it is
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Figure 3.32 Leffer VRM 3800 casing oscillator and spherical grab installing 3.7 m diameter casings for the
Doyle Drive Viaduct. (Courtesy of Malcolm Drilling Company, San Francisco, CA.)

possible to simultaneously drill and case CFA 1200 mm diameter piles to about 20 m. It is
essential that the spoil cleaning and collecting system at the top of the casing does not hinder
the drilling stroke. The more powerful rigs referenced in Table 3.6 have separate drive heads
for the casing and auger to rotate the casing and auger in counter directions and can move
on the mast independently of the casing. For example, the SR-100 rig can be configured with
a 330 kNm torque for the upper rotary auger head and 448 kNm on the casing driver. The
auger drive has to accommodate the concreting swivel.

Displacement auger piling is carried out with rigs similar to the high-torque CFA equip-
ment, but the diameter is limited to less than 600 mm by the shape of the displacement tool;
maximum depth is around 30 m (Section 2.3.5).

3.3.4 Drilling with a kelly

The kelly is a square or circular drill rod made of high-tensile steel which is driven by key-
ing into a rotary table fixed either to the rig near the ground surface or to a crane attach-
ment. As a result of the improvements in rig stability and mast rigidity, the most usual
rotation method now is by a moveable hydraulic drive head on the mast. The full range
of drilling tools, plate and bucket augers, drag bits, compound rotary drill plate bits and
tricone bits can be rotated by the kelly in most drillable ground conditions, subject to the
available power. The kelly may be in sections or, more usefully, telescopic to make up the
required length of drill string. Typical torque range is 100-400 kNm and lengths up to
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Figure 3.33 Numa hammer with extending under-reaming drill bit for simultaneously drilling and inserting
casing. (Courtesy of Numa Hammers, Thompson, CT.)

70 m are available. Boreholes can be drilled as open holes or supported either by excess
hydrostatic head using support fluids (see Section 3.3.8) or by casing. The casing can be
installed by oscillators or by the rotary drive with some of the larger rigs. Under-reamers
and belling tools are expanded by an upward or downward force from the rotating kelly.
Grabs can also be operated from the kelly bar.

3.3.5 Reverse-circulation drilling rigs

Reverse-circulation drilling rigs operate on the principle of the airlift pump. Compressed
air is injected near the base of the centrally placed discharge or riser pipe, above the drill
cutting head. As the air rises and expands in the discharge pipe, the density of the fluid in
the riser decreases creating a pressure differential between the internal fluid and the fluid
in the hole. This causes the higher-density outer column to be sucked into the riser through
the cutting head opening. A reverse-circulation system is shown in Figure 3.36. The casing
tubes and airlift riser pipe may be rotated together or separately by means of a hydraulic
rotary table as shown or, more usually, by a top-drive power swivel. The airlift riser com-
prises dual drill pipes, maximum bore 330 mm, either flange jointed or flush; air is delivered
through an air/discharge swivel at the drive head, down the annulus between the inner and
outer tubes. The riser is maintained centrally in the casing by one or more stabilisers, and
the soil boring is effected by rock roller bits mounted on a cutter head, ranging from 0.76
to 8.0 m diameter. The injected airflow and pressure and the point of injection all affect the



108 Pile design and construction practice

Figure 3.34 Installation of CFA piles in chalk with crane handling reinforcement cage. (Courtesy of
Cementation Skanska, Rickmansworth, UK.)

Figure 3.35 Self-erecting drill rigged for installing cased CFA piles with telescopic spoil chute. (Courtesy of
Bachy Soletanche Ltd, Ormskirk, UK.)
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Figure 3.36 Rotary table drill rigged for reverse circulation.

efficiency of cuttings removal; air injection rate is up to 130 m3/min at a pressure of 12 bar,
requiring large air compressors. At maximum airflow and injection pressure, mud/spoil can
be discharged at rates up to 2500 m3/h, depending on the delivery head.

For offshore work, the hole will be kept full of seawater, but on land, drilling mud is used
to remove the cuttings necessitating the use of mud tanks and cleaners (see Section 3.3.8).
Also on land, the reverse-circulation system with mud may maintain a stable hole without
the use of casing for cast-in-place piles. The more powerful self-erecting crawler rigs with
dual-rotary drive heads in Table 3.6 can be rigged for reverse circulation for holes up to
3300 mm in diameter to 100 m in depth.

Pile-top rigs such as the LD5000 (Figure 3.31) and the Seacore Ltd. Teredo units
(Figure 3.37) using powerful top-drive swivels are more versatile than large rotary tables
for over-water work. The Teredo rig, equipped with a 460 kNm power swivel, is capable of
rock drilling up to 7 m diameter. The Bauer power auger in Figure 3.27 can be classified as
a pile-top rig but has to be handled off the pile to discharge the bucket, requiring continuous
service by a suitable crane.

Reverse-circulation rigs can drill at a fast rate in a wide range of ground conditions includ-
ing weak rocks. They are most effective in granular soils and the large diameter of the airlift
pipes enables them to lift large gravel, cobbles, and small boulders when drilling in glacial
soils or in jointed rocks which are broken up by the rock roller bits. Under-reamed bases can
be provided in stiff clays or weak rocks by means of a hydraulically operated rotary enlarg-
ing tool mounted above the cutter head.
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Figure 3.37 Pile-top rig drilling 3.8 m diameter piles for foundation strengthening to the Richmond-San
Raphael Bridge, California. (Courtesy of Fugro Seacore Ltd, Falmouth, UK.)

3.3.6 Large grab rigs

The use of diaphragm wall grabs to form barrettes in preference to large-diameter bored pile
groups is well established. The grabs may be suspended from cranes or mounted on purpose-
built crawlers and excavate a square hole, Ell-, Tee- or rectangular slots under bentonite or
other support fluid. The hydromill or hydrofraise rig as developed by Bachy Soletanche is a
reverse-circulation down-the-hole milling machine with two contra-rotating cutter drums
powered by hydraulic motors mounted on a heavy steel frame as in Figure 3.38. The cut-
tings are removed from the slot in a bentonite or polymer slurry by a pump fitted above the
drums to the de-sanding and cyclone plant at the surface where the slurry is reconditioned
for reuse. Overbreak is minimal and the absence of vibration makes the system suitable for
urban sites and operating close to existing buildings. Standard width is 600 mm but greater
widths are possible for depths to 60 m. Walls have been constructed to 150 m deep, and low
headroom versions are available.

3.3.7 Tripod rigs

Small-diameter piles with diameters from 300 to 600 mm, installed in soils which require
continuous support by lining tubes, can be drilled by tripod rigs. The drilling is performed
in clays by a clay cutter, which is a simple tube with a sharpened cutting edge, the tube
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Figure 3.38 Hydromill for forming barrettes. (Courtesy of Sound Transit, Seattle, WA.)

being driven down under the impact of a heavy drill stem. The soil which jams inside the
tube is prised out by spade when the cutter is raised to the surface. Drilling is effected in
coarse-grained soils by means of a baler or ‘shell’, which is again a simple tube with a cut-
ting edge and flap valve to retain the soil, the soil being drawn into the baler by a suction
action when the tool is raised and lowered. If no groundwater is present in the pile borehole,
water must be poured in, or a bentonite slurry may be used. This suction action inevitably
causes loosening of the soil at the base of the pile borehole, thus reducing the base resistance.
The loosening may be accompanied by settlement of the ground surface around the pile
borehole. Rocks are drilled by chiselling and using a baler to raise the debris. These rigs are
mainly used in situations where low headroom or difficult access would prevent the deploy-
ment of lorry-mounted or track-mounted augers.

Table 3.7 Some compact low-headroom rigs for limited access situations

Feed Weight Maximum Maximum

Maker Type stroke (m)  (tonne)  diameter (mm)  torque (kNm)
GP Services D1000 2.48-3.48 24

(United Kingdom) (Drop hammer)

T3000? 1.35 1.3 300 3.15

Hutte (Germany) 2032 1.2 23 250 26.4
Klemm?® 7022 1.2-2.2 3.6 356 27

(Germany) 704Electro 2.15-325 45 356 5
Mait® Baby drill 1.1 5.3 600 17.7

(United States)
Toa-Tone® (Japan) EP-26 1.4 2.6 150 34

(sonic drilling)

2 Separate power pack.
b Radio remote controls available.
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3.3.8 Drilling for piles with bentonite slurry and support fluids

Lining tubes or casings to support the sides of pile boreholes are a requirement for most of
the bored pile installation methods in coarse-grained soils using equipment described in
Sections 3.3.1 through 3.3.7. However, even in stiff fine-grained soils, it may be necessary
to use casings for support since these soils are frequently fissured or may contain pockets of
sand which can collapse into the boreholes, resulting in accumulations of loose soil at the
pile toe or discontinuities in the shaft.

The use of casings may be avoided by providing support to the pile borehole in the form
of a slurry of bentonite clay or polymer drilling fluid; but note that BS EN 1536 requires
that the borehole under support fluid shall be protected by a lead-in tube or guide wall (for
a barrette). Bentonite, or other montmorillonite clay with similar characteristics, has the
property of remaining in suspension in water to form a stiff gel when allowed to become
static. When agitated by stirring or pumping, however, it has a mobile fluid consistency —
that is it is thixotropic. In a granular soil, the slurry penetrates the walls of the borehole and
gels there to form a strong and stable filter cake. In a clay soil, there is little penetration of
the slurry but the hydrostatic pressure of the fluid, which has an initial density of around
1040 kg/m?, prevents collapse where the soil is weakened by fissures. The slurry also acts as
the flushing medium and carries the drill cuttings to the surface where they are removed in
separation plants. The rheological properties which govern performance of the fluids for use
in pile bores are given in BS EN 1536, and the Federation of Piling Specialists®-1) provide
detailed information on the preparation, use and testing of suitable slurries.

When used in conjunction with auger or grab-type rigs, the slurry is maintained in a state
of agitation by the rotating or vertical motion of the drilling tools. When it becomes heavily
contaminated with drill cuttings or diluted by groundwater, the filter cake is weakened and
the slurry must be replaced by pumping in fresh or reconditioned slurry to maintain hole
support. Toothed or bladed augers with double-helix configurations and a flap in the car-
riage area help to retain spoil as the auger is withdrawn through the slurry. A support fluid
is used most efficiently in conjunction with reverse-circulation rigs (see Section 3.3.5). Here,
the slurry is pumped into the outer annulus and the slurry—soil mixture that is discharged
from the airlift riser pipe is allowed to settle in lagoons or tanks to settle soil particles before
skimming-off cleaned slurry for return to the hole. On large projects, further cleaning to
remove ultra-fine particles will be economical using separation plants comprising vibrating
screens, hydro-cyclones and centrifuges which deliver the output fluid to storage tanks where
gelling aids may be added before the reconditioned slurry is returned to the pile borehole.

If a bentonite slurry becomes overloaded with solids from the excavation, the resulting
thick filter cake is not as effective in supporting the soil and may not be removed by scouring
during concreting. In such cases, it will be necessary to use a mechanical scraper to remove
the excess filter cake prior to concreting. Reese et al.®:12 recommend a minimum diameter
of 600 mm for piles installed using bentonite slurry techniques, to avoid some of the prob-
lems associated with the method. Another potential cost is that waste bentonite slurry has
to be treated as hazardous under pollution control regulations and disposed of accordingly,
whereas polymers can be neutralised and, subject to de-sanding and approval from the
water company, may be disposed of to existing drains.

Where a relatively small layer of coarse-grained soil lies over a stiff end-bearing soil and
support from casing is needed, it is not cost-effective to bring in high-speed mixers, slurry
tanks, pumps and reconditioning plant for the normal employment of bentonite slurry tech-
niques for short-term support. Instead, a few bags of dry bentonite are dumped into the pile
borehole and mixed with the groundwater, or added water, to form a crude slurry which is
adequate to smear the wall of the borehole. After drilling through the granular overburden
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under the thick slurry, the casing is lowered and pushed or vibrated to seal it into the stiff
fine-grained soil below. This technique is known as ‘mudding-in’ the casing.

Some problems caused when placing concrete in bentonite slurry supported bores, with or
without casing, and the means of overcoming them are described in Section 3.4.8; the effects
of a bentonite slurry on shaft friction and end-bearing resistance of piles are discussed in
Section 4.2.3.

Polymer support fluids, which are available in a wide range of commercial products from
the basic natural gums (e.g. xanthan) to complex copolymers, have several advantages over
bentonite as borehole support fluids but need care in application. Pure biopolymers have
been used in place of the civil engineering grade of sodium bentonite, giving better solids
carrying capacity in sands and gravels, but can degrade unless treated with biocides leading
to potential environmental concerns on disposal. Polymers are added to sodium bentonite
formulations by manufacturers to improve rheology, but adding polymer to bentonite slurry
on site can give unreliable results. Research into the more complex synthetic polymers has
led to increased use over the past 10 years, and although more expensive than bentonite as
an initial cost, economies result as less polymer powder is required, mixing is easier and
time required for de-sanding of slurry is minimised. They are better suited to drilling large-
diameter piles and shafts where the hole has to be supported for up to 36 h of drilling time.
The filter-cake formation on the sides of the hole is much thinner and therefore more easily
scoured when placing concrete. Also, the sides do not soften to the same extent as with ben-
tonite slurry support, and clay swelling is controllable.

Longer-chain synthetic polymers (e.g. partially hydrolysed polyacrylamides) now being
developed can give improved foundation performance and are easier to mix and handle on
site; cleaning is done in a settling tank and de-sanded diluted fluid can be disposed of to foul
sewers (subject to approval). The drawbacks are that properties are lost with repeated cir-
culation by centrifugal pumps which break up the polymer chain and the polymer is sorbed
onto soils. This requires fresh polymer to be added regularly in order to maintain viscosity
to ensure the hole remains stable. As the fluid density (~1020 kg/m?) is much lower than for
bentonite, stability of the bore relies on an excess head, and coarser drill cuttings will settle
out. Lam et al.?13 report on a field trial in London which tested three instrumented piles
drilled in the Lambeth Group/Thanet sand under bentonite or polymer fluid. They found
that the two polymer piles outperformed the bentonite pile under the maximum proof load
for load/settlement behaviour and no adverse effect was caused by the deliberately extended
soil-fluid exposure time. The auger was designed to avoid suction developing as it was with-
drawn and vigorous base cleaning was carried out. They also comment that although no
detrimental effects were observed in the concrete exposed to the polymer, more research is
desirable into the effect of intermixing of fluid and concrete.

3.3.9 Base and shaft grouting of bored and cast-in-place piles

When bored and cast-in-place piles are installed in granular soils, the drilling operation may
loosen the soil surrounding the shaft and beneath the base of the pile borehole. Such loosen-
ing below the base can cause excessive working load settlements when the majority of the
load is carried by end bearing. Base grouting is a means of restoring the original in situ den-
sity and reducing settlements. Bolognesi and Moretto® ¥ described a method of grouting the
disturbed soil below 1 and 2 m diameter piles bored under bentonite, using a metal basket
filled with uniform gravel which was attached to the base of the pile reinforcement (Figure
3.39). The pile was concreted and, after a period of hardening, the basket injected with
cement grout, the potential uplift being resisted by the pile shaft friction and pile cap. High-
pressure grout will flow up the sides of the shaft increasing resistance. The flat-jack method
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Figure 3.39 Preloading cell for compressing loosened soil beneath base of bored piles by grouting. (After
Bolognesi, A.).L. and Moretto, O., Stage grouting preloading of large piles in sand, Proceedings of
the Eighth International Conference, ISSMFE, Moscow, Russia, Vol. 2.1, pp. 19-25, 1973.)

of pressure grouting at the base of the shaft is similar. Here, a circular steel plate is attached
to the base of the reinforcement cage, and a flexible metal sheet covers the underside of this
plate. Grout pipes are connected to the gap between the plate and the sheet and also around
the periphery of the cage to a given height above the base. After concreting and allowing a
hardening period, the peripheral grout pipes are injected with cement grout, and after this
peripheral grout has hardened, the gap between the base plates is injected.

Both these methods are difficult to control and have been largely replaced by the sleeve
tube or tube-a-manchette (TaM) technique as described by Yeats and O’Riordan®19 for
the 1.2 m diameter piles for an office block in London. The 38.2 m deep test pile shaft was
drilled by rotary auger under a bentonite slurry through the alluvium and stiff to hard clays
of the London Clay and Woolwich and Reading Formation (Lambeth Group) into very
dense Thanet sands. The upper 31 m of the shaft was supported by casing. After complet-
ing the drilling, four separate grout tube assemblies as shown in Figure 3.40 were lowered
to the base of the borehole. The injection holes in the tubes were sleeved with rubber to
form the TaM. The pile shafts were then concreted under bentonite, and 24 h after this,
water was injected to crack the concrete surrounding the grout tubes. Base grouting com-
menced 15 days after concreting. The injections were undertaken in stages with pressures
up to 60 bar, and frequent checks to ensure the pile head did not lift by more than 1 mm.
Similar base-grouting techniques were used at six sites in the Docklands area of London
beneath piles with diameters in the range of 0.75-1.5 m®1¢. The general procedure for
base grouting with TaM is to limit the volume of grout injected in the first phase and apply
the limiting pressure for the second phase; a total injection is usually specified at 25-35
litres/m? of pile surface. Uplift of the pile and the residual pressure in the grout tubes is
recorded. Exceptionally, remedial base grouting may be carried out through grout pipes
drilled through the set concrete.

Part of the internal plugs to the 2.50 and 3.13 m OD driven tubular steel piles for the
Jamuna River Bridge*#? were cleaned out by airlifting which loosened the soil at the base.
In order to reconsolidate the remaining plug of sand, a grid of TaMs was placed in the hole
above the plug and a layer of gravel placed by tremie to cover the grout tubes. A 7 m plug of
concrete was placed over the gravel, and 12 h later, water was injected at a pressure of 20 bar
to crack open the sleeves. Cement grout (40 litres of water, 50 kg cement, 0.35 kg bentonite
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and 0.5 kg plasticiser) was then injected into the gravel plug. Grouting was terminated when
the pressure reached 50 bar, in order to ensure that uplift of the pile would not occur, or
when 1000 litres of grout had been injected to limit hydrofracture of the soil below the gravel.

Shaft grouting of cast-in-place piles and barrettes entails rupturing the outer skin of the
pile and pushing it against the surrounding soil. This increase in lateral pressure is intended
to cause local increases in the soil density which had become loosened or softened by the
pile construction and thereby enhance the shaft resistance of the pile. When shaft grouting
in granular soils, cementation of the soil particles may occur and voids and fissures become
filled giving improved contact between pile and soil. The usual technique is to install 50 mm
diameter steel TaMs around the outside perimeter of the reinforcement cage for the depth to
be treated, with return connections to the surface. The sleeves on the tubes at 1 m centres
are staggered around the cage to form a spiral injection track. After allowing the concrete to
cure for 24 h, the sleeves are cracked at pressures up to 80 bar and flushed with water; each
sleeve is pressure grouted 10-15 days thereafter using double packers. Two-phase injections
at each sleeve may be needed depending on the injection pressure relative to the overburden
pressure, requiring water flushing of the tubes between phases. Littlechild et al.®:'”) report



16 Pile design and construction practice

on a series of tests on 20 shaft grouted, cast-in-place piles in soft marine clay underlain by
alluvial deposits of stiff clay and dense to very dense sand in Bangkok. The measured shaft
resistances for the shaft grouted piles, ranging from 150 to 320 kN/m?2, were approximately
double those without shaft grouting. The test piles were reloaded more than 1 year after
grouting and showed no loss of resistance in either the clay or sands. Core samples along the
pile—grout interface showed grout infilling cracks and fissures in the concrete and a grouted
zone 20-30 mm around the pile with some cementation of the sands.

Suckling and Eager®!®) compare the results published for base-grouted and non-base-
grouted bored piles bearing in Thanet sand, including the Yeats and O’Riordan data.
They show that the ultimate end-bearing capacity ranged from 12,000 to 17,000 kN/m?
for non-grouted pile bases and from 17,000 to 21,000 kN/m? for base-grouted piles. They
conclude that, given sound construction, base grouting in this formation is unnecessary
except when considering exceptional loading. The Shard tower piles in London were such
a case as described by Beadman et al.?'® The ultimate end-bearing capacity of the base-
grouted 1.8 m diameter piles was limited to 20,000 kN/m? as proposed by Suckling and
Eager. The bearing capacity factor of N, =47 used for the pile calculations for the 46 m
depth to the Thanet sands was confirmed by load tests on a preliminary 1.2 m diameter pile
which indicated that the base capacity was about 22,500 kN/m?2. ADSC (The International
Association of Foundation Drilling) is due to publish a major report on the increasing use
of base grouted piles.

3.4 PROCEDURE IN PILE INSTALLATION

Each class of pile employs its own basic type of equipment, and hence the installation meth-
ods for the various types of pile in each class are the same. Typical methods are described
below to illustrate the use of the equipment described in the preceding sections of this chapter.
Particular emphasis is given to the precautions necessary if piles are to be installed without
unseen breakage, discontinuities or other defects. The installation methods described in
this section are applicable mainly to vertical piles. The installation of raking piles whether
driven or bored is a more difficult operation and is described in Section 3.4.11.

BS EN 1536 and BS EN 12699 deal with the execution of bored and displacement piles
respectively. However, in many respects, the guidance on installation in these new codes is
not as comprehensive as that contained in withdrawn BS 8004. For example, BS EN 12699
does not comment on appropriate installation procedures, simply requiring that a suitable
hammer or vibrator be used to achieve the required depth or resistance without damage to
the pile. As noted in Section 3.1.6 to avoid overstressing of a pile during driving, assessment
of driveability is necessary followed by stress wave measurements on preliminary test piles.

One of the major factors in producing a stable bored pile or accurately aligned driven pile
is the setting up of the rig on a firm level base and the attention paid to maintaining vertical-
ity of the drill mast. Tilting of the rig or violent operation of an auger leads to misalignment
and the need for corrective action by reaming the pile sides; hammer blows which are not
hitting the pile centrally will cause damage and compromise bearing capacity. The report
“Working Platforms for Tracked Plant’3-29) from the Building Research Establishment (BRE)
provides guidance for the design and construction of ground-supported platforms for piling
plant. In a 2011 review into the use of alternative approaches to the design of platforms, BRE
found that the use of structural geosynthetic reinforcement is acceptable provided that safety
is preserved and the approach is based on credible and representative research. But as pointed
out by Fountain and Suckling?®2"), the assessment of the platform subgrade and the selection
of design parameters to provide realistic mat thicknesses is still a problem. It is suggested that
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ground-probing radar and plate loading tests are performed on site to assist in the design.
The requirements for the safety of operatives should be rigorously followed as detailed in
the British Drilling Association Health and Safety Manual®-22), Casings protecting open pile
boreholes should extend above ground level and should be provided with a strong cover.

3.4.1 Driving timber piles

Timber piles are driven by drop hammer or single-acting hammer after pitching them in a
piling frame, in crane-suspended leaders or in trestle guides. A hammer with a minimum
mass of 1 tonne is advisable with a maximum of 1.5 times the mass of pile and helmet.
Diesel hammers, unless they are of the light type used for driving trench sheeting, are too
powerful and are liable to cause splitting at the toe of the pile. The heads of squared piles
are protected by a helmet of the type shown in Figure 3.21. Round piles are driven with their
heads protected by a steel hoop. A cap is used over the pile head and hoop, or packing can be
placed directly on the head. Care should be taken in the use of slings and hooks to prevent
damage to protective treatments.

3.4.2 Driving precast (including prestressed) concrete piles

The methods of handling the piles after casting and transporting them to the stacking area
are described in Section 2.2.2. They must be lifted from the stacking positions only at
the prescribed points as designed. If designed to be lifted at the quarter or third points
(Section 7.2), they must not at any stage be allowed to rest on the ground on their end or
head until in the leader. Particular care should be taken to avoid overstressing by impact if
the piles are transported by road vehicles. Additional support points should be introduced if
necessary, particularly important for long prestressed piles.

A helmet of the type shown in Figure 3.21 and its packing are carefully centred on the
pile, and the hammer position should be checked to ensure that it delivers a concentric blow.
The hammer should preferably weigh not less than the pile. The guidance in BS 8004 is rel-
evant for driving precast piles, that is the mass and power of the hammer should be such to
ensure a final penetration of about 5§ mm/blow unless the rock has been reached. The stroke
of a single-acting hammer should ideally not be greater than 1 m. The hammer mass will be
between 2 and 4 tonnes, with the 2 tonnes unit suitable for 10 m maximum length of pile
and applied load of 450 kN; the 4-tonne hammer is used for long piles in compact soils with
applied loads up to 1200 kN. Further specific recommendations are given in the GRLWEAP
database. It is preferable to use the heaviest recommended hammer and to limit the stroke
to avoid damage and limit tensile stress in the pile.

The driving of the piles should be monitored, and where piles rotate or move off line, any
bindings should be eased. After the completion of driving, the pile heads should be prepared
for bonding into the pile caps as described in Section 7.7. Hollow piles with a solid end may
burst under the impact of the hammer if they become full of water, and holes should there-
fore be provided to drain off accumulated water. Where a soil plug is formed at the toe of an
open-ended pile, water accumulation or arching of the soil within the pile may also result in
bursting during driving. Further general guidance is given in CIRIA Report PG8©-23),

3.4.3 Driving steel piles

Because of their robustness, steel piles can stand up to the high impact forces from a diesel ham-
mer without damage other than the local distortion of the pile head and toe under hard driving.
Open-ended tubular or box piles or H-piles can be driven to a limited penetration by a vibrator.
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Figure 3.41 Airlift for cleaning-out soil from steel tubular piles.

By using rolled steel corner sections, plugged tube bearing piles can be formed by driving a
number of interlocking U-section sheet piles sequentially. As the resistance to driving is less than
for welded box piles, vibrators or press-in pilers (Figures 3.19 and 3.20) can be used to install
high-capacity piles to greater depths at sensitive sites where impact driving cannot be tolerated.

To achieve the required depth of penetration, it is sometimes necessary to reduce the base
resistance by removing the soil plug which forms at the bottom of an open-ended tubular or
box pile. A sandy-soil plug can be removed by simple water jetting. A plug of clay or weak
broken rock can be removed by lowering the airlift device shown in Figure 3.41 down the
tube, the soil or broken rock in the plug being loosened by dropping or rotating the riser
pipe. A reverse-circulation rig with a rotating cutter (Figure 3.36) is an efficient means of
removing soil if justified by the number and size of the piles. Crane-mounted power augers
of the type shown in Figure 3.25 can only be used for cleaning after the pile has been driven
down to its final level where there is space for the crane carrying the auger to be manoeuvred
over the pile head. The self-erecting crawler rigs are more manoeuvrable and with the other
methods described earlier can be used to under-ream the pile toe and so ease the driving
resistance. However, drilling below the toe also reduces the shaft friction, and the method
may have to be restricted to end-bearing piles. This aspect is discussed further in Section
8.3 on piling for marine structures. Because of the delays involved in alternate drilling and
driving operations, it is desirable that any drilling to ease the driving resistance should be
restricted to only one operation on each pile.

Difficulties arise when it is necessary to place a plug of concrete at the toe of the cleaned-
out pile to develop high end-bearing resistance or to transfer uplift loads from the super-
structure to the interior wall of the hollow pile through a reinforcing cage. In such cases, a
good bond must be developed between the concrete filling and the interior of the steel pile.
Any remaining adherent soil must be cleaned off the pile wall. A sandy soil can be effectively
removed by water jetting or by airlifting as mentioned above. However, readily available
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equipment has not been developed which will quickly and effectively remove adherent clay
from the wall to a standard which will allow good bonding between the concrete and steel.
Various one-off devices have been used with varying degrees of success, for example high-
pressure water jets around a central airlift pipe together with wire strand brushes attached
to a base plate rotated to scour the pile wall. The procedure for placing the concrete plug
in the cleaned-out pile or for completely filling a steel tubular or box pile is similar to that
described below for shell piles.

3.4.4 Driving and concreting steel shell piles

Steel shell piles are usually driven by internal drop hammers acting on a concrete base
plug. Problems can arise with heave when driving shell piles in groups and distortion or
collapse of the shells when driving past obstructions. Shell piles have the advantage that the
interior of the shell can be inspected before concrete is placed. Distortion of the shells can
be detected by light reflected down the pile, by lowering a lamp to the toe or by CCTV. To
correct distortion, it may be necessary to pull up the shells and re-drive them or, in the case
of tapered shells, insert and re-drive a new tapered shell assembly. The problem of heave is
discussed in Sections 5.7 through 5.9.

Sometimes leakage of groundwater occurs through shells in quantities which do not jus-
tify replacing the damaged units. The water can be removed from the shells before placing
the concrete by pumping (if the depth to the pile toe is within the suction lift of the available
pump), by an airlift or by baling. If, after removing the water, the depth of inflow is seen to
be less than a few centimetres in 5 min, the collected water can again be removed and con-
crete placed quickly to seal off the inflow. For higher rates of seepage, the water should be
allowed to fill the pile up to its rest level, and the concrete should then be placed by tremie
pipe as described in Section 3.4.8.

Concrete placed in dry shell piles is merely dumped in by barrow or chute. It should be
reasonably workable with a slump of 100-150 mm to avoid arching as it drops down a
tapered shell or onto the reinforcing cage. The cement content should be such as to comply
with the requirements in BS EN 1536 or with any special requirements for durability. The
American Concrete Institute(®1?) states that vibration due to driving adjacent piles has no
detrimental effect on fresh concrete in shell piles. Therefore, concreting can proceed imme-
diately after driving the shell even though adjacent shells are being driven, provided there
are no detrimental effects due to ground heave or relaxation.

3.4.5 Installation of withdrawable-tube types
of driven and cast-in-place piles

There are no standard procedures for installing driven and cast-in-place piles of the types
which involve the driving and subsequent withdrawal of a casing tube. However, BS EN
12699 requires that cast-in-place displacement piles shall be concreted in the dry using high-
workability concrete or semi-dry concrete as appropriate to the methods for each type of
pile as described in Section 2.3.2. Where the concrete is compacted by internal drop ham-
mer, a mix is required that is drier than that which is suitable for compaction by vibrating
the piling tube. Depending on the durability designation of the concrete as given in BS 8500,
the workability and mix proportions of the concrete may be decided by the designer or the
contractor in accordance with the UK Concrete Specification?3% and BS EN 1536.

The procedures to be adopted for avoiding waisting or necking of the shaft, or the inclu-
sion of silt pockets and laitance (a surface skin of weak cement), are similar to those adopted
for bored and cast-in-place piles and are described in the following section of this chapter.
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Precautions against the effects of ground heave are described in Section 5.8. Because the
casing/drive tube is, in all cases, driven down for the full length of the pile, it is essential to
ensure that the interior of the tube is free of any encrustations of hardened concrete. Even
small encrustations can cause the concrete to arch and jam as the tube is withdrawn. If the
reinforcing steel is lifted with the tube, the pile shaft is probably defective and should be
rejected. Further guidance is given in CIRIA Report PG8©-23),

3.4.6 Installation of bored and cast-in-place
piles by power auger equipment

The employment of a power auger for the drilling work in bored and cast-in-place piles presup-
poses that the soil is sufficiently cohesive to stand unsupported, at least for a short time. Any
upper soft or loose soil strata or water-bearing layers are ‘cased off’ by drilling down a casing
or pushing the tubes down into the predrilled hole by vibrator or the crowd mechanism on the
kelly bar. If necessary, ‘mudding-in’ techniques are used at this stage (see Section 3.3.8). After
the auger has reached the deeper and stiffer fine-grained soils, the borehole is taken down to
its final depth without further support, until the stage is reached when a loosely fitting tube is
lowered down the completed hole. This loose liner may be required for safety purposes when
inspecting the pile base before placing the concrete; or if an enlarged base is required, the
lining prevents the clay collapsing around the shaft over the period of several hours or more
required to drill the under-ream. The loose liner may not be needed for straight-sided piles in
weak rocks or in stable unfissured clays, where there is no risk of collapse before or during the
placing of the concrete. However, if the clays are in any degree fissured, there is a risk of the
walls collapsing during concreting, thus leading to defects of the type shown in Figure 3.42.
Lining tubes must be inserted in potentially unstable soils if a remote visual inspection is to
be made of the pile base. Manned inspections of bores and under-reams are not permitted in
current UK specifications, notwithstanding the updating of the relevant BS 8008 in 2008 for

Figure 3.42 Defective shaft of bored pile caused by collapse of clay after lifting casing.
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‘descent into machine-bored shafts for piling’ (see Figure 11.6). High-resolution colour CCTV
inspection is appropriate provided good lighting is available, and the absence of remould-
ing on the shelf of the under-ream should be checked by a sampling device or penetrometer.
Concreting should commence within 2 h of the inspection of the under-ream.

The final cleaning-up operation before placing concrete in a bored pile consists of remov-
ing large crumbs of soil or trampled puddled clay from the pile base. Any lumps of clay
adhering to the walls of the borehole or to the lining tubes should be cleaned off. The
reinforcing cage can then be placed and concreting commenced. The time interval between
the final cleaning-up and placing concrete should not exceed 6 h. If there is any appreciable
delay, the depth of the pile bottom should be checked against the measured drilled depth
before placing the concrete to ensure that no soil has fallen into the hole. If the reinforcing
cage is to extend only part way down the hole, it should be suspended from the top of the
pile shaft before commencing to place the concrete.

The concrete used in the pile base and shaft should be easily workable with a slump of
180 mm as recommended in BS EN 1536. As the concrete is placed in ‘free fall’ from a
chute or hopper over the bore and vibration in the bore is not feasible, the mix must be self-
compacting, designated S4 in BS 8500-1, preferably using rounded aggregate. In addition, the
mix proportions should comply with the requirements for strength and minimum cement con-
tent in BS EN 1536, and care is needed when considering mix design for durability (see Section
10.3.1). A dry mix should be used for the first few charges of concrete if the pile base is wet.
After completing concreting, the lining tubes are withdrawn. If a loose liner is used inside an
upper casing, the former is lifted out as soon as the concrete extends above the base of the
outer tube. A vibrator of the type described in Section 3.1.5 is a useful expedient for extract-
ing the upper casings used to support soft clays or loose sand. The quantity of concrete placed
in the shaft should allow for the outward slumping which takes place to fill the space occupied
by the tube and any overbreak of the soil outside it. Concreting should be continuous so that
laitance does not form at the top of a batch, causing weakness within the shaft. Laitance on
top of the shaft on completion is inevitable. This laitance may be contaminated with water
and silt expelled from around the casing as the concrete slumps outwards to fill the gap. Thus,
the level of the concrete should be set high so that this weak laitance layer can be broken
away before bonding the pile head onto its cap. The terms of the contract should make it clear
whether or not this removal should be performed by the piling contractor.

The concrete in a pile shaft may be required to be terminated at some depth below ground
level, for example, when constructing from ground surface level, piles designed to support
a basement floor. It is a matter of some experience to judge the level at which the concrete
should be terminated, and it is difficult to distinguish between fluid concrete and thick lai-
tance when plumbing the level with a float. Where the piles are to support plunge columns,
the casting level will be considerably lower than the piling platform; the concrete mix must
be designed for an extended period of workability and maximum cohesion to reduce the
need for removing a thick layer of laitance at basement level.

There is little guidance in either current standard specifications or BS EN 1536 on cast-
ing tolerances, but in general, it is better to leave finished pile heads high. The following
suggestions by Fleming and Lane®-2%, while somewhat conservative for all conditions, are
indicative:

Concrete cast under water +1.5 to +3 m
Concrete cast in dry uncased holes +75 to +300 mm
Concrete cast in cased holes, the greater of
a. +75to +300 mm + (cased length)/15
b. +75 to + 300 mm + [(depth to casting level - 900 mm)/10]
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The important criterion is that when the pile is trimmed to the required cut-off level,
a sound connection can be made with the pile cap. The tolerance for this construction
joint is from +40 to =70 mm. The reinforcement in the section to be removed may be
debonded from the concrete. Trimming of the pile must be carried out using a suit-
able breaking method which avoids causing damaging vibration. There are several alter-
natives to the handheld pneumatic hammers such as hydraulic croppers and breakers
and ‘hydrodemolition’ as described in the guidance issued by the Federation of Piling
Specialists3-25),

The use of a permanent casing in the form of a light-gauge metal sleeve surrounding a
pile shaft in soft clays or peats was described in Section 2.4.2. This sleeving cannot be used
within a temporary lining tube where the latter has to be withdrawn in a long length by
means of a vibrator or by jacking. This involves the risk of distortion or jamming of the
sleeve, which is then lifted while raising the temporary tube with disastrous effects on
the concrete in the pile shaft. The sleeve can be used within an outer temporary liner where
the depth of soft clay is shallow, and it can be used in conjunction with a casing oscillator
which keeps the outer tube free of any jamming by the sleeve. There are no problems of
using the light-gauge sleeve where power auger drilling can be performed to produce a stable
hole without employing a temporary outer lining tube.

Unfortunately, defects in a pile shaft of the type shown in Figure 3.43 are by no means
uncommon, even when placing a workable concrete in the dry open hole of a large-diameter
bored pile. Defects can take the form of large unfilled voids or pockets of clay and silt in the
concrete. Some causes of these defects are listed as follows:

1. Encrustations of hardened concrete or soil on the inside of the lining tubes can cause
the concrete to be lifted as the tubes are withdrawn, thus forming gaps in the concrete.
Remedy: The tubes must be cleaned before they are lowered down the borehole.

2. The falling concrete may arch and jam across the lining tube or between the tubes
and the reinforcement. Remedy: Use a concrete of sufficient workability to slump eas-
ily down the hole and fill all voids. Ensure the concrete chute or hopper is centrally
placed. Consider tamping or vibration.

Figure 3.43 Defective shaft of bored pile caused by cement being washed out of unset concrete.
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3. The falling concrete may jam between the reinforcing bars and not flow outwards to
the walls of the borehole. Remedy: Ensure a generous space between the reinforcing
bars (between 80 and 100 mm depending on concrete aggregate size and workability).
The cage should be stiff enough to prevent it twisting or buckling during handling
and subsequent placing of concrete. Widely spaced stiff hoops are preferable to heli-
cal binding, particularly in tension piles with a large amount of main reinforcement.
Check that the bars have not moved together before the cage is lowered down the hole.

4. Lumps of clay may fall from the walls of the borehole or lining tubes into the concrete
as it is being placed. Remedy: Always use lining tubes if the soil around the borehole is
potentially unstable, and do not withdraw them prematurely. Ensure that adhering lumps
of clay are cleaned off the tubes before they are inserted and after completing drilling.

5. Soft or loose soils may squeeze into the pile shaft from beneath the base of the lining
tubes as they are withdrawn, forming a waisted or necked shaft. Remedy: Ensure
sufficient head of concrete in casing (but not so high that when removing the casing it
will lift the concrete, important in small diameter piles). Check the volume of concrete
placed against the theoretical volume and take remedial action (removal and replace-
ment of the concrete) if there is a significant discrepancy.

6. If bentonite has been used for support, the hydrostatic pressure of the bentonite in the
annulus, which is disturbed on lifting the casing, may be higher than that of the fluid
concrete, thus causing the bentonite to flow into the concrete. This is a serious defect
and is difficult to detect. It is particularly liable to happen if the concrete is terminated
at some depth below the top of the casing. Remedy: Keep a careful watch on the level
and density of the bentonite gel when the casing is lifted. Watch for any changes in
level of the concrete surface and for the appearance of bentonite within the concrete.
If inflow of the bentonite has occurred, the defective concrete must be removed and
replaced, and the slurry support technique must be abandoned.

7. Infiltration of groundwater may cause gaps or honeycombing of the concrete. Remedy:
Adopt the techniques for dealing with groundwater in pile boreholes described in
Section 3.4.8.

3.4.7 Installing continuous flight auger piles

CFA piles can be installed in a variety of soils, dry or waterlogged, loose or cohesive, and
through weak rock. The soil is loosened on insertion of the auger, and the borehole walls
are supported by the auger flights filled with drill cuttings; bentonite support slurry is not
used. The pile is concreted through a bottom or side exit at the tip of the hollow stem auger
(100 or 127 mm bore) using a concrete pump connected by hose to a swivel on the rotary
head as the auger is slowly rotated and withdrawn. Soil is brought to the surface on the
auger blades. The concrete flow rate and feed pressure are continuously measured at the tip;
reinforcement is pushed or vibrated into the fresh concrete.

The main problems with CFA pile construction are overflighting and polishing (see
Section 2.4.2), too rapid withdrawal of the auger initially causing reduction in end-bearing
capacity, and too rapid withdrawal when nearing the top of pile causing contamination with
soil. In order to avoid these problems, reliable instrumentation in the operator’s cab showing
auger rotation, injection pressure and volume injected in real time and experienced opera-
tors are essential.

For rotary displacement auger piles, the displacement tool, which is mounted at the bot-
tom of a drill tube, is rotated by the high-torque top drive and forced into the ground by the
rig crowd, thereby compacting the wall of the hole. To form the various types of screw piles,
discussed in Section 2.3.5, the thick-flanged continuous auger is screwed into the ground



124 Pile design and construction practice

with limited crowd applied, although for less cohesive soil, more thrust will be necessary
to reach the required depth. The auger is rotated out of the hole as concrete is pumped
through the tip to fill the helical profile of the pile, with only minimal soil being brought to
the surface. As with CFA piles, the rig must be instrumented to ensure auger extraction and
concreting are compatible with the formation of the required pile profile.

3.4.8 Concreting pile shafts under water

Groundwater in pile boreholes can cause serious difficulties when placing concrete in the
shaft. As noted in Section 3.4.4, an inflow of only a few centimetres deep in, say, 5 min
which has trickled down behind the lining tubes or has seeped into the pile base can be
readily dealt with by baling or pumping it out and then placing dry concrete to seal the base
against any further inflow. However, larger flows can cause progressive increases in the
water content of the concrete, weakening it and forming excess laitance.

A strong flow can even wash away the concrete completely. The defective piles shown in
Figure 3.43 were caused by the flow of water under an artesian head from a fissured rock
on which the bored piles were bearing after the boreholes had been drilled through a soft
clay overburden. The lined boreholes were pumped dry of water before the concrete was
placed, but the subsequent ‘make’ of water was sufficiently strong to wash away some of
the cement before the concrete has set. The remedial action in this case was to place dry
concrete in bags at the base of the pile borehole and then to drive precast concrete sections
into the bags.

In all cases of strong inflow, the water must be allowed to rise to its normal rest level and
topped up to at least 1.0 m above this level to stabilise the pile base. BS EN 1536 requires
that a tremie pipe be used for concreting in submerged conditions (water or support fluid).
The maximum OD of the tremie pipe should be less than 0.35 times the pile diameter or
the inner diameter of the casing or 0.6 times the inner width of the reinforcement cage.
Consideration must also be given to matching the tremie internal diameter with the size of
aggregate — six times the maximum size of aggregate or 150 mm whichever is the greater.
The tremie pipe must be cleaned and lowered to the bottom of the pile and lifted slightly to
start concrete flow. A flap valve should be used on the end of the tremie pipe rather than a
plug or polyethylene ‘go-devil’. During concreting, the tremie tip must always be immersed
in the concrete: 1.50 m below concrete surface for piles less than 1200 mm diameter and
2.50 m for piles greater than 1200 mm. If immersion is lost during concreting, special pre-
cautions are required before placement can continue; for example, steps must be taken to
re-immerse the tremie so that any contamination will be above the final cut-off level. The
tremie should be fed by a concrete pump as a surface hopper is unlikely to provide sufficient
differential head.

A bottom-opening bucket should not be used instead of a tremie pipe for placing concrete
in pile boreholes, even large-diameter shafts. This is because the crane operator han-
dling the bucket cannot tell, by the behaviour of the crane rope, whether or not he has low-
ered the bucket to the correct level into the fluid concrete before he releases the hinged flap.
There may be a case for using the bucket method in special conditions in marine piling, but
generally the tremie must be preferred.

The procedure for drilling pile boreholes with support by a bentonite slurry or polymer
fluid is described in Section 3.3.8. In both cases, concrete must be placed using a tremie as
described earlier, with sufficient hydrostatic pressure of concrete in the pipe above bentonite
level to overcome the external head of the slurry and the friction in the tremie pipe. Where
the slurry becomes flocculated and heavily charged with sand (i.e. has a density greater
than 1300-1400 kg/m?3), it should be replaced by a lighter mud before placing the concrete.
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Sometimes a dispersing agent is added to the bentonite to break down the gel before placing
the concrete. These measures will not deal with a thick filter cake on the sides and base of
the pile, and it should be removed mechanically as the upward flow of concrete is unlikely to
scour the sides completely to ensure optimum concrete—soil contact and maintain concrete
cover to reinforcement. To minimise restriction to upward flow of concrete, circumferen-
tial steel should be kept to a minimum. Concrete mixes are designed with plasticisers and
retarders to ensure appropriate flow characteristics (200 = 20 mm slump) and avoid segrega-
tion. Caution is required when designing slurry and concrete mixes for use in high ground
temperatures to avoid jamming in the tremie pipe. The use of synthetic polymer support
fluids produces only limited (or no) cake on the bore sides, and the tremie concreting is effec-
tive in displacing the polymer. Cleaning of coarse particles from the base prior to concreting
is essential.

3.4.9 Installation of bored and cast-in-place piles by
grabbing, vibratory and reverse-circulation rigs

The use of either grabbing, vibratory, and reverse-circulation machines for drilling pile bore-
holes can involve continuous support by lining tubes which may or may not be withdrawn
after placing the concrete. In all three methods, the tubes may have to follow closely behind
the drilling in order to prevent the collapse of the sides and the consequent weakening of
shaft friction. For reverse circulation, the boreholes must be kept topped up with fluid to
provide the flushing medium. In other cases, this is necessary to avoid blowing of the pile
bottom due to upward flow of the groundwater and when drilling through water-bearing
sand layers interbedded with impervious clays.

Grabbing in weak rocks can cause large accumulations of slurry in the boreholes which
make it difficult to assess whether the required termination level of the pile in sound rock
has been achieved. The slurry should be removed from time to time by baling or by airlift
pump with a final cleaning-up before placing the concrete.

The techniques of placing concrete are the same as described in Sections 3.4.6 and 3.4.8.

3.4.10 Installation of bored and cast-in-place piles by tripod rigs

When boring in stiff clay, water should not be poured down the hole to assist in advancing
the bore or used to aid removal of the clay from the cutter as this causes a reduction in shaft
friction. When drilling in granular soils, the lining tubes should follow closely behind the
drilling to avoid overbreak, and the addition of water may be needed to prevent blowing and
to facilitate the operation of the baler or shell. Piles drilled by tripod rigs are relatively small
in diameter, requiring extra care when placing the concrete as this is more likely to jam in
the casing tubes when they are lifted.

3.4.11 Installation of raking piles

BS EN 1536 (Clause 8.2.3) states that pile bores, whether drilled or driven, should be cased
throughout their length if the rake is flatter than 1 horizontal to 15 vertical unless it can
be shown that an uncased pile bore will be stable. Similarly, stabilising fluids should not be
used if the rake is flatter than 1 in 15 unless precautions are taken when inserting casing
and concreting.

The advantages of raking piles in resisting lateral loads are noted in Chapters 6 and 8.
However, the installation of such piles may result in considerable practical difficulties, and
they should not be employed without first considering the method of installation and the
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ground conditions. If the soil strata are such that the piles can be driven to the full penetra-
tion depth without the need to drill out a soil plug or to use jetting to aid driving, then it
should be feasible to adopt raking piles up to a maximum rake of 1 to 2. However, the effi-
ciency of the hammer is reduced due to the friction of the ram in the guides. It may therefore
be necessary to use a more powerful hammer than that required for driving vertical piles to
the same penetration depth with implications for stresses in the pile head. Casing oscillators
are available from major manufacturers which can operate on a modest rake to assist casing
insertion.

The vertical load caused by the inclined pile and hammer on the leaders of the piling
frame must be taken into consideration. It is not usual to drive raking piles in guides without
the use of leaders, as the bending stresses caused by the weight of the hammer on the upper
end of the pile must be added to the driving stresses and a check should be made to ensure
that the combined stresses are within allowable limits.

The principal difficulties arise when it is necessary to drill ahead of a driven, open-ended
raked pile to clear boulders or other obstructions, using the methods described in Section
3.3.5. When the drill penetrates below the shoe of the pile tube, it tends to drop by gravity
and it is then likely to foul the shoe as it is pulled out to resume further driving. Similarly,
under-reaming tools are liable to be jammed as they are withdrawn. The risks of fouling the
drilling tool are less if the angle of rake is small (say 1 in 10, 84° or more) and the drill string
is adequately centralised within the piling tube. However, the drill must not be allowed to
penetrate deeply below the toe of the pile. This results in frequent alternations of drilling
and driving with consequent delays as the hammer is taken off to enter the drill, followed
by delays in entering and coupling up the drill string and then removing it before replacing
the hammer.

Difficulties also arise when installing driven and cast-in-place piles by means of an inter-
nal drop hammer, due to the friction of the hammer on the inside face of the driving tube.
Installers of these piles state that a rake not flatter than 1 in 3.7 (75°) is possible.

Power augers operating on self-erecting leader rigs as shown in Figure 3.2 are capable of
drilling open bores at rakes up to 1 in 1 exceptionally. Rakes of 1 in 2 are feasible in good
soil conditions, but to satisfy BS EN 1536 tolerance limits, casing is necessary to support
the pile borehole. A drill mast rigged with a dual-drive head which can bore and case simul-
taneously should avoid the difficulties of jamming of the drill tool under the toe of the
casing. Rotary-percussive drills which also drill and case simultaneously are useful in these
conditions.

Problems can occur when placing concrete in raking piles. Internal ramming is not reli-
able as the rammer catches on the reinforcing cage. High-slump concrete should be pumped
through a tremie pipe, with special precautions being taken to prevent the reinforcement
being lifted with the lining tubes.

The American Concrete Institute®!'? recommends using an over-sanded mix for plac-
ing concrete in raking pile shells or tubes. A concrete mix containing 475 kg/m?3 of coarse
aggregate with a corresponding increase in cement and sand to give a slump of 100 mm is
recommended. This mix can be pumped down the raking tube.

3.4.12 Withdrawal of temporary casings

The withdrawal or extraction of temporary casings is a feature of many of the piling
methods covered earlier and in Chapter 2 and must always be undertaken with care. The
Federation of Piling Specialists has produced Notes for Guidance®2¢) on this matter detail-
ing the potential factors which have to be considered, assessment of the extraction load and
the method of extraction, whether by the rig pull-out system, vibrator or crane.
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3.4.13 Positional tolerances

It is impossible to install a pile, whether by driving, drilling or jacking, so that the head of the
completed pile is always exactly in the intended position or that the axis of the pile is truly
vertical or at the specified rake. Driven piles tend to move out of alignment during installa-
tion due to obstructions in the ground or the tilting of the piling frame leaders. Driving piles
in groups can cause horizontal ground movements which deflect the piles. (Note the marker
pins for piles in a group may also be displaced by driving adjacent piles). In the case of bored
piles, the auger can wander from the true position, or the drilling rig may tilt due to the
wheels or tracks sinking into a poorly prepared platform. However, controlling the positions
of piles is necessary since misalignment affects the design of pile caps and ground beams
(see Sections 7.8 and 7.9), and deviations from alignment may cause interference between
adjacent piles in a group or dangerous concentrations of load at the toe. Accordingly, execu-
tion codes specify tolerances in the position of pile heads or deviations from the vertical or
intended rake. If these are exceeded, action is necessary either to redesign the pile caps or
to install additional piles to maintain the design loads. The higher tolerances for raked piles
reflect the potential problems of maintaining alignment, particularly in soft soils at the pile
head and when the use of long leaders is necessary. The significance of positional tolerance
to piling beneath deep basements is noted in Section 5.9.

Some codes of practice requirements are as follows:

BS EN 1536: Plan location tolerances are given in Clause 8.1, 100 mm for pile diameters
of vertical and raking bored piles less than 1000 mm, 0.1x diameter (or width) for piles
between 1000 and 1500 mm and 150 mm for piles greater than 1500 mm. Deviation in
inclination of vertical bored piles and bored piles designed for a rake less than 1 in 15 (86°)
is limited to 20 mm/m run of pile. For piles designed with a rake of between 1in4 and 1 in
15, the deviation is limited to 40 mm/m.

BS EN 12699: The plan location tolerance (at working level) given in Clause 7.3 for
vertical and raking displacement piles is 100 mm. Deviation for vertical and raking piles is
40 mm/m. The deviations in this code must be taken into account in the design.

BS EN 14199: The plan location tolerance (at working level) given in Annex B for micro-
piles is 50 mm. Deviation from the axis varies from 2% of the length for vertical piles to 6%
for inclined piles. Radius of curvature should be 200 m depending on buckling conditions.
These BS EN codes allow other tolerances to be specified.

BS 6349-2 Clause 8.13: A deviation of up to 1 in 100 is permitted for vertical piles driven
in sheltered waters or up to 1 in 75 for exposed sites. The deviation for raking piles should
not exceed 1 in 30 from the specified rake for sheltered waters or 1 in 25 for exposed sites.
The centre of piles at the junction with the superstructure should be within 75 mm for piles
driven on land or in sheltered waters. Where piles are driven through rubble slopes, the code
permits a positional tolerance of up to 100 mm, and for access trestles and jetty heads, a
tolerance of 75-150 mm is allowed depending on the exposure conditions.

Institution of Civil Engineers?): Plan position — maximum deviation of centre point
of pile to be not more than 75 mm in any direction, but additional tolerance allowed for
raking piles with cut-off below ground level. Verticality — maximum deviation of finished
pile from the vertical is 1 in 75 at any level. Maximum deviation of finished pile from the
specified rake is 1 in 25 for piles raking up to 1:6 and 1 in 15 for piles raking more than 1:6.
The preceding limits apply to bearing piles and may be varied in the project specification,
subject to design implications of this action. Other more stringent tolerances are specified
for secant and contiguous piles in retaining walls. Note these tolerances are different from
those given in the BS ENs stated earlier, which also allow for variations in the project
specification.
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American Concrete Institute Recommendations'®'?: The position of the pile head is to
be within 75-150 mm for the normal usage of piles beneath a structural slab. The axis
may deviate by up to 10% of the pile length for completely embedded vertical piles or for
all raking piles, provided the pile axis is driven straight. For vertical piles extending above
the ground surface, the maximum deviation is 2% of the pile length, except that 4% can be
permitted if the resulting horizontal load can be taken by the pile-cap structure. For bent
piles, the allowable deviation is 2%-4% of the pile length depending on the soil conditions
and the type of bend (e.g. sharp or gentle). Severely bent piles must be evaluated by soil
mechanics calculations or checked by loading tests.

3.5 CONSTRUCTING PILES IN GROUPS

So far, only the installation of single piles has been discussed. The construction of groups of piles
can have cumulative effects on the ground within and surrounding the pile group. These effects
are occasionally beneficial (as in reticulated minipile groups) but more frequently have deleteri-
ous effects on the load/settlement characteristics of the piles and can damage surrounding prop-
erty. Precautions can be taken against these effects by the installation methods and sequence of
construction adopted. BS EN 1536 Clause 8.2.1.12 stipulates that the centre-to-centre distance
of bored piles should be greater than four times the pile width with a minimum of 2 m, where
adjacent piles are less than 4 h old. The distance for driven cast-in-place piles with withdrawable
tubes is increased to six times the diameter in BS EN 12699. Because the problems are more
directly concerned with the bearing capacity and settlement of the group as a whole, rather than
with the installation of the piles, they are discussed in Sections 5.7 through 5.9.
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Chapter 4

Calculating the resistance of piles
to compressive loads

4.] GENERAL CONSIDERATIONS

4.1.1 Basic approach to the calculation of pile resistance

The numerous types of pile and the diversity in their methods of installation have been
described in Chapters 2 and 3. Each different type and installation method disturbs the
ground surrounding the pile in a different way. The influence of this disturbance on the shaft
friction and end-bearing resistance of piles has been briefly mentioned (see Section 1.3).
This influence can improve or reduce the bearing capacity of the piles, and thus a thorough
understanding of how the piles are constructed is essential to the formulation of a practical
method of calculating load-carrying capacity.

The basic approach used in this chapter to calculate the resistance of piles to compressive
loads is the ‘static’ or soil mechanics approach as opposed to the use of dynamic formulae.
Over the years, much attention has been given by research workers to calculation methods
based on pure soil mechanics theory. But it was realised that in order to determine the
interface friction on a pile shaft under load, the postulated simple relationships between
the coefficient of earth pressure ‘at rest’, the effective overburden pressure and the drained
angle of shearing resistance of the soil had to be modified by factors to take account of the
installation method. The application of the undisturbed shearing resistance of the soil sur-
rounding the pile toe to calculate the end-bearing resistance of a pile was also considered by
the researchers in classical soil mechanics terms. The importance of the settlement of a pile
or pile groups at the applied load was recognised as an important factor in the design, and
calculations were developed based on elastic theory, taking into account the transfer of load
in shaft friction from the pile to the soil.

The research into the behaviour of the two main pile groups, namely, driven and bored
piles subjected to full-scale instrumented load tests, demonstrated the fundamental depar-
tures from classical soil mechanics theory and the all-important effects of installation proce-
dures on pile behaviour were recognised such as the highly complex conditions which develop
at the soil-pile interface and which are often quite unrelated to the original undisturbed
state of the soil or even to the fully remoulded state. The pore-water pressures surrounding
the pile can vary widely over periods of hours, days, months or years after installation, such
that the simple relationships of shaft friction to effective overburden pressure are unrealistic.
Similarly, when considering deformations of a pile group under its applied load, any calcu-
lations of the transfer of load that are based on elastic theory which do not take account
of soil disturbance for several diameters around the pile shaft and beneath the toe are also
unrealistic.

131
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Hence, while the calculation of pile carrying capacity is based on soil mechanics consid-
erations, the approach is empirical, relating known pile behaviour to simple soil properties
such as relative density and undrained shearing strength. These can be regarded as proper-
ties to which empirical coefficients can be applied to arrive at unit characteristic values for
the shaft friction and end-bearing resistances.

The long-term observations of full-scale pile loading tests revealed the complexities of
the problems and have shown that there is no simple fundamental design method. The
empirical or semi-empirical methods set out in this chapter have been proved by experience
and load testing to be reliable for practical design of light to moderately heavy loadings
on land-based or near-shore marine structures. These methods are also the basis of many
computer-aided design methods for routine pile design. Special considerations using more
complex design methods are required for heavily loaded offshore structures in deep water
as described by Randolph and Gourvenec®-,

The designer is often presented with inadequate information on the soil properties. Until
the introduction of the Eurocode procedures for pile design, a decision had to be made
whether to base designs on conservative material values with an appropriate global safety
factor without any check by load testing or to use the design methods to give a prelimi-
nary guide to pile diameter and length and then base the final designs on an extensive
field testing programme with loading tests to failure. The use of partial factors on loads
and materials and the definitions of characteristic material strengths under Eurocode 7
rules have formalised the decision-making process to a degree. The design must still be
verified either by comparing loading tests to failure in similar conditions or by project-
specific load testing — always justified on a large-scale piling project to produce economic
designs. Proof-load testing as a means of checking workmanship is a separate consider-
ation (Section 11.4).

Where the effective overburden pressure is an important parameter for calculating the
bearing capacity of piles (as is the case for coarse-grained soils), account must be taken of
the unfavourable effects of a rise in groundwater levels. This may be local or may be a gen-
eral rise, due, for example, to seasonal flooding of a major river or a long-term effect such
as the ongoing general rise in groundwater levels in Greater London.

4.1.2 Behaviour of a pile under load

For practical design purposes, engineers must base their calculations of pile capacity on the
application of the load at a relatively short time after installation. The reliability of these
calculations is assessed by a loading test which is again made at a relatively short time after
installation. However, the effects of time on pile capacity must be appreciated, and these are
discussed in Sections 4.2.4 and 4.3.8.

When a pile is subjected to a progressively increasing compressive load at a rapid or
moderately rapid rate of application, the resulting load/settlement curve is as shown in
Figure 4.1. Initially, the soil-pile system behaves elastically. There is a straight-line rela-
tionship up to some point A on the curve, and if the load is released at any stage up to
this point, the pile head will rebound to its original level. When the load is increased
beyond point A, there is yielding at, or close to, the soil-pile interface, and slippage occurs
until point B is reached, when the maximum shaft friction on the pile shaft will have
been mobilised. If the load is released at this stage, the pile head will rebound to point C,
the amount of ‘permanent set’ being the distance OC. The movement required to mobilise
the maximum shaft friction is quite small and is only of the order of 0.3%-1% of the pile
diameter. The base resistance of the pile requires a greater downward movement for its full
mobilisation, and the amount of movement depends on the diameter of the pile. It may be
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Figure 4.] Load/settlement curve for compressive load to failure on pile.

in the range of 10%-20% of the base diameter. When the stage of full mobilisation of the
base resistance is reached (point D in Figure 4.1), the pile plunges downwards without any
further increase of load, or small increases in load produce increasingly large settlements
(a ‘plunging failure’).

If strain gauges are installed at various points along the pile shaft from which the com-
pressive load in the pile can be deduced at each level, the diagrams illustrated in Figure 4.2
are obtained, which show the transfer of load from the pile to the soil at each stage of load-
ing shown in Figure 4.1. Thus, when loaded to point A virtually, the whole of the load is
carried by friction on the pile shaft, and there is little or no transfer of load to the toe of
the pile (Figure 4.2). When the load reaches point B, the pile shaft is carrying its maximum
frictional resistance and the pile toe will be carrying some load. At Point D, there is no
further increase in the load transferred in friction, but the base load will have reached its
ultimate value.
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Figure 4.2 Load transfer from head of pile to shaft at points A, B and D on load/settlement curve in
Figure 4.1. (a) Load on pile shaft. (b) Maximum load on pile shaft. (c) Failure of pile base.
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4.1.3 Determining allowable loads on piles
using allowable stress methods

The loading corresponding to point D on the load/settlement curve in Figure 4.1 represents
the ultimate resistance of the pile and is defined as the stage at which there is general shear
failure of the soil or rock beneath the pile toe. However, this stage is of academic interest
to the structural designer. A piled foundation has failed in its engineering function when
the relative settlement between adjacent single piles or groups of piles causes intolerable
distortion of the structural framework or damage to claddings and finishes. This stage may
be represented by some point such as E on the load/settlement curve (Figure 4.1). Thus,
structural failure will have occurred at a load lower than the ultimate resistance of the pile.
Various criteria of assessing failure loads on piles from the results of loading tests are listed
in Section 11.4.

The concept of the separate evaluation of shaft friction and base resistance forms the basis
of all static calculations of pile bearing capacity. The basic equation is

0,=0,+0: - W, (4.1)

where
Q, is the ultimate resistance of the pile
Q, is the ultimate resistance of the base
Q, is the ultimate resistance of the shaft
W, is the net weight of the pile (i.e. the weight of the pile less the weight of soil displaced)

The components Q, and Q, of the failure load Q, are shown at the final loading stage
in Figure 4.2. Usually, W, is small in relation to Q, and this term is generally ignored.
However, it is necessary to provide for W, in such situations as piles in marine structures in
deep water where a considerable length of shaft extends above seabed.

Allowable stress methods were applied in BS 8004, Foundations — now withdrawn. Here,
the actual dead load of a structure and the most unfavourable combination of imposed loads
were assumed to be applied to the ground. The foundation was assumed to be safe if the
allowable stress on the soil or rock was not exceeded, taking into account the likely variable
strength or stiffness properties of the ground and the effect of a varying groundwater level.
In the case of piled foundations, uncertainty in the reliability of the calculation method was
also taken into account. Because of the difficulty in predicting failure loads, the safety fac-
tors used to obtain the allowable load on a single pile from the calculated ultimate load were
correspondingly high in order to cover a variety of uncertainties:

1. To provide for natural variations in the strength and compressibility of the soil

2. To provide for uncertainties in the calculation method used

3. To ensure that the design resistance of the material forming the pile shaft is within safe
limits

4. To ensure that the total settlement(s) of the single isolated pile or the group of piles are
within tolerable limits

5. To ensure that the differential settlements between adjacent piles or within groups of
piles are within tolerable limits

As a result, for pile design to BS 8004, a global safety factor between 2 and 3 was
generally adopted. Experience of a large number of loading tests on piles of diameter up
to 600 mm taken to failure, both in sands and in clays, showed that if safety factor of
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2.5 is taken on the ultimate resistance, then the settlement of the pile head at the applied
load is unlikely to exceed 10 mm. For piles of diameters up to about 1000 mm, failure
or ultimate loads as determined by loading tests were usually assumed to be the loads
causing a pile head settlement of 10% of the base diameter. Eurocode EC7 retains this
failure criterion at Clause 7.6.1.1(3). The Institution of Civil Engineers’ Specification for
Piling and Embedded Retaining Walls?-) (referred to as SPERW) further defines the ulti-
mate capacity of a pile as ‘the maximum load which can be applied achieving the specified
settlement rate criteria’ derived from a preliminary pile test. It also comments that the
ultimate capacity is the ‘maximum resistance offered by the pile when the strength of the
soil is fully mobilised’.

When using allowable stress methods for piles in groups, it was accepted that a structure
can suffer excessive distortion caused by group settlement long before an individual pile in
the group has failed in bearing resistance. Hence, a separate calculation is made of group
settlement based on a realistic assessment of dead load and the most favourable or unfavour-
able combinations of imposed loading, using unfactored values of the compressibility of the
ground in the zone influenced by the group loading (see Chapter 3).

Where piles are end bearing on a strong intact rock, the concept of a global safety factor
against ultimate failure is not appropriate, since it is likely that the pile itself will fail as a
structural unit before shearing failure of the rock beneath the pile toe occurs. The applied
loads are then governed by the safe working stress in compression and bending on the pile
shaft and the settlement of the pile due to elastic deformation and creep in the rock beneath
the base of the pile, together with the elastic compression of the pile shaft.

As described Section 4.1.4, Eurocode procedures abandon allowable stress design and
present a unified set of limit state design principles for all structural design which avoid the
problem of blurring allowable stresses and limit states, as occurred when designing foun-
dations using BS 8004 (allowable stress for foundations) and BS 8110 and BS 5950 (both
limit state codes for concrete and steel design, respectively, but now withdrawn). More
precise identification of geotechnical material parameters is now required so that global
factors of safety are not needed to cover the gathered-together uncertainties of loadings and
strengths. The Eurocode limit state methodology makes foundation design compatible with
the superstructure design.

4.1.4 Determining design loads and resistances in
compression using the procedure in Eurocode
BS EN 1997-1:2004 Geotechnical design

This account of design procedures adopted in this Eurocode (referred to as Eurocode 7 or
EC7)1-2 is only a brief review of a lengthy document containing many provisos, exceptions
and cross-references to other Eurocodes referred to in Section 1.5. Several guides are avail-
able(!-3-15) to assist in the interpretation and application of EC7, and the text and worked
examples given in this edition generally follow the procedures which were instituted with
the initial adoption of the Eurocodes in the United Kingdom. The selection and application
of partial factors for loads and resistances is the main issue to be addressed when using EC7
procedures, but in order to produce compliant designs, the designer must study the whole
suite of documents.

The partial factors provided in EC7 have to cover the same uncertainties and variations
which were used to decide the global safety factor approach in allowable stress design as
noted earlier. When the factors are applied, the Eurocodes require a structure, including
the foundations, not to fail to satisfy its design performance criteria as a result of exceeding
various limit states:
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The ultimate limit state (ULS) can occur under the following conditions:

1. Loss of equilibrium of the structure and the ground considered as a rigid body in
which the strengths of the structural materials and the ground are insignificant in
providing resistance (State EQU).

2. Internal failure or excessive deformation of a structure and its foundation (State STR).

3. Failure or excessive deformation of the ground in which the strengths of the soil or
rock are significant in providing resistance (State GEO).

4. Loss of equilibrium of a structure due to uplift by water pressure or other vertical
actions (State UPL).

5. Hydraulic heave, internal erosion and piping caused by hydraulic gradients (State
HYD). State EQU could occur when a structure collapses due to a landslide or earth-
quake. This state is not considered further in this chapter. Design against occurrence
of the other states listed earlier involves applying partial factors to the applied loads
(actions) and to the ground resistance to ensure that reaching these states is highly
improbable.

Serviceability limit states (SLSs) are concerned with ensuring that the deformations of a
structure due to ground movements below the foundations do not reduce the useful life of
the structure, do not cause discomfort to people or cause damage to finishes, non-structural
elements, machinery or other installations in the structure.

Eurocodes require structures and their foundations to have sufficient durability to resist
weakening from attack by substances in the ground or the environment.

As a preliminary, EC7 requires the structure to be considered in three categories of risk
from the foundation aspect. Geotechnical Category 1 covers structures having negligible
risk of failure or damage due to ground movements or where enough is known about the
ground conditions to adopt a routine method of design, provided that there are no risk prob-
lems associated with excavation below groundwater level.

Category 2 includes conventional structures and their foundations with no exceptional
risk or difficult ground or loading conditions. Structures requiring piling come into this
category provided that there are adequate geotechnical data based on routine methods of
ground investigation.

Category 3 applies to all categories not coming within the scope of 1 and 2. It includes
very large or unusual structures and those involving abnormal risks or exceptionally dif-
ficult ground or loading conditions and also structures in highly seismic areas and areas of
site instability. EC7 (Clause 2.2) lists 15 geological and environmental features which need
to be considered generally in foundation design. All of these are relevant to piled founda-
tions for which the code prescribes three basic approaches to design:

1. Empirical or analytical calculations
2. Static load tests
3. Dynamic load tests

Geotechnical design by calculation should be in accordance with BS EN 1990:2002,
‘Basis of structural design’, as for all structural design. It is emphasised that the quality of
the information on the ground conditions is more significant than precision in calculation
models and the partial factors employed. Accordingly, it is essential that the field operations
and laboratory testing techniques should be undertaken in a thorough manner with the
appropriate standard of quality (as EC7-2; see Section 11.1). Also the interaction between
the structure and the ground should be considered to ensure that the strains in the structure
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are compatible with the ground movements resulting from the applied loading. Pile design
by calculation, the preferred method in the United Kingdom, concentrates on avoiding ULS.

Ground properties are required to be obtained from field or laboratory tests, either
directly or by correlation, theory or empiricism. The effects of time, stress level and defor-
mation on the properties are to be taken into account.

Characteristic values of geotechnical parameters are selected as part of the design process
from the available information, usually in the form of a site-specific ground investigation
report. EC7 Clause 2.4.5.2(2)P requires that a ‘cautious estimate’ of the data be made within
the zone influenced by stresses transmitted to the ground (including the zones beneath a pile
group as shown in Figure 5.19) and must reflect the limit state being considered. The selected
values may be lower ones which are less than the most probable ones (e.g. to estimate end-
bearing resistance) or an upper range of values higher than the most probable ones. The
latter selection would apply where high values have an unfavourable effect on foundation
behaviour, for example when considering downdrag on piles or differential settlement.
Statistical evaluation’3 of geotechnical data is permitted by EC7, but it is essential that
different geologies are analysed separately. In practice, little difference is seen between the
characteristic values for EC7 designs and those selected by engineering judgement when
using the allowable stress calculations and global safety factors. In all cases, when selecting
the characteristic parameter, it is essential to review case histories and local experience.

BS EN 1990 defines the actions on the foundations comprising structural actions, that
is the loads transmitted from a structure directly to the pile head or through a raft, and
geotechnical actions, which have to be assessed separately. Geotechnical actions (as listed
in EC7 Clause 2.4.2(4)) include earth and groundwater pressures and ground movements
such as soil swelling and shrinkage, frost action and downdrag. Duration of actions such
as repetitive loading and time effects on soil drainage and compressibility have to be con-
sidered. Geotechnical actions can also occur from transversely applied loads such as those
on piles supporting bridge abutments caused by surcharge from the adjacent approach
embankments.

In Clause 7.3.2.1(3)P of EC7, the evaluation of geotechnical actions has to be determined
in one of two ways:

a. By soil-pile interaction analyses when the degree of relative soil-pile movement is esti-
mated and #-z curves are produced by computer to give the corresponding strains and
axial forces in the pile shaft (Section 4.6). In the case of transversely applied actions, a
p—y analysis is performed (Section 6.3.5). Alternatively, actions can be estimated from
other forms of analysis, such as finite element analysis as summarised in Section 4.9.

b. By an upper-bound force exerted on the pile by the ground movement, calculated and
treated as an action.

Method (b) when applied to actions resulting from downdrag can give over-conservative
designs if due consideration is not given to variations in frictional forces over the depth of
the pile shaft (Section 4.8).

Design values of actions are determined in accordance with BS EN 1990. The structural
designer has to assess the permanent and variable actions (the dead and imposed loading)
from the structure which have to be resisted by the foundations. These include accompany-
ing variable actions and transient actions which can occur simultaneously such as wind
load, snow load and earthquake. EC7 National Annex (NA) refers to Tables in the NA to
BS EN 1990 for design values of such actions for buildings and bridges separately. In order
to ensure that these action factors are not duplicated or factors omitted, it is essential that
the structural engineer and pile designer liaise closely for the inputs to Equation 4.2. In the
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case of piled foundations, the design value (F,) can be assessed directly or derived from rep-
resentative values (F,,,) by the equation as EC7 Clause 2.4.6.1:

F; = VFFrep =ycG + J/QQ1 (+Z J/QilI/oQi) (4.2)

where

G is the permanent action

Q, is the leading variable action on the pile (the imposed load), with the relevant par-
tial factor yg for unfavourable or favourable action taken from the A set factors in
Table 4.1

w is a combination factor (<1.0) from the NA to BS EN 1990 which is applied to the
accompanying variable action Q; (not to a permanent action)

¥ indicates ‘combined effect of’

In addition, it may be necessary to include an accidental action (Ag) for seismic and
impact loading.

As noted for allowable stress in Equation 4.1, F, should in principle include the net pile
weight; for piles in tension, the weight of the pile may be considered as an additional resis-
tance. In this text, the term ‘applied load’ generally refers to the structural load prior to the
application of the partial factors in Table 4.1.

Design values of resistance of the ground (R_,) at the ULS have to be shown to be equal
to or greater than the design value of the design action (F,), that is,

R.,2F,; (4.3)

The design resistance to axial compression, R_;, may be calculated using parameters
obtained from ground tests or in situ tests and the results of pile loading tests. EC7 Clause
7.6.2.3(1)P requires that designs based on ground test results must have been established

Table 4.1 Partial factors on actions (y;) for STR and GEO limit states

Set

Action Symbol Al A2
Permanent

Unfavourable Ye 1.35 1.0

Favourable 1.0 1.0
Leading variable

Unfavourable Yo 1.5 1.3

Favourable 0 0
Accompanying variable

Unfavourable Yoi |.5y 1.3y

Favourable 0 0

The partial factors shown in Table 4.1 are the partial factors for buildings as
Tables NA.A1.2(B) and (C) of BS EN 1990 for STR/GEO states. y factors
are given in Table NA.AI.l. Factors for bridge design are given in Tables
NA.A2.4(B) and (C).
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from pile load tests and comparable experience. Clause 7.6.2.3 provides for two methods of
calculation from ground test results: the so-called model pile procedure and the alternative
procedure.

The model pile method assumes that a pile of the same penetration depth and cross-
sectional dimensions as proposed for the project is installed at the location of each borehole
or in situ test. This is a cumbersome approach and it is assumed that it was intended for pile
designs based on results from cone penetration tests (CPTs) and pressuremeter tests (PMTs)
and not on results from laboratory tests on soil samples. As the method is rarely applied
in the United Kingdom, it will not be considered in detail (but see Worked Example 4.6).
Essentially the mean and minimum soil parameters for each test profile are used to calculate
the shaft and base resistance (R, ., and R, ., respectively, using Equations 4.5a and b) from
the in situ test data. The two components are then divided by a correlation factor (&5 or &,)
given in Table A.NA.10 of the UK NA depending on the number of ground test profiles on
the project site to give the characteristic design resistances R,, and R,. The lower of the
characteristic resistances is then used to calculate the design resistance, R, of the pile by
applying the R set partial factors from Tables 4.3 through 4.5, y, and y,, to each component:

Ry=R, +Ry = R | Ra (4.4)

Vb Vs

If the superstructure or substructure supported by the piles is stiff enough to redistribute
loads from the weaker to the stronger piles, Clause 7.6.2.3(7) allows the correlation factors
&5 and &, to be divided by 1.1 provided that &, is never less than 1.0.

The EC7 alternative to the model pile calculation is in line with the customary design
method using the site-specific soil parameters and is generally the calculation method used
in the United Kingdom. Characteristic values of the soil parameters over the penetration
depth of the pile, as determined by field or laboratory testing, are used to obtain the com-
ponents R,, and R, characteristic of the whole site or homogeneous area of the site. The
principle of the cautious estimate or statistical approach in achieving the best-fit curve for
design at a particular limit state is important.

The ultimate base and shaft resistances are calculated using the standard equations
(as used in allowable stress design):

R,=q, A, (4.5a)
R, =g, A, (4.5Db)
where

g, and g, are the unit base and shaft resistances (which can be determined from several
sources and procedures as described later in this chapter)
A, and A, are the base and shaft areas, respectively

These values are then divided by a model factor, yg,, as described in Clause 7.6.2.3(8) of
EC7, the purpose of which is to make the characteristic resistances R,, and R, compatible
with the model pile calculation:

Ruk = qur Ay, = ﬁAb (4.6a)
YRd
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Ry = quA. = 1= A, (4.6b)
YRrRd

The characteristic resistances are inserted into Equation 4.4 to produce the total design
resistance, R ;, applying the R set partial factors from Tables 4.3 through 4.5, y, and y,, to
each component as shown.

The NA (A.3.3.2) has set the model factor at 1.4, but this can be reduced to 1.2 “if the
resistance is verified by a maintained load test taken to the calculated, unfactored ultimate
resistance’. It can be implied that a reduction in yz,; may also be made to calculations where
there is a large database of test results. There is no recommendation for reducing the yg, factor
for a ‘stiff structure’ as with the & correlation factors, but if the structural engineer can con-
firm that loads are being distributed, this may be acceptable under EC7 Clause 7.6.2.1.(5)P.
In such a case, a limit state will only occur if a significant number of piles fail together.

Partial factors of unity are used when checking a foundation design for compliance with
SLS criteria.

The United Kingdom has adopted Design Approach 1 (DA1) in the NA for foundation
design using the partial factors shown in Tables 4.1 through 4.5. Two different combinations
of the A, M and R sets are stipulated to ensure that the inequality in Equation 4.3 is satisfied
for an acceptable design and must be considered separately for each design combination:

DA1, combination 1 (DA1-1) uses sets A1+ M1 +R1.
DA1, combination 2 (DA1-2) uses sets A2+ (M1 or M2)+R4.

The plus sign denotes ‘combined with’. Design Approaches 2 and 3 (DA2 and DA3) are
not considered in this text.

Taking the case of a pile loaded axially in compression and considering the limit states
STR or GEO for DA1, Tables 4.2 through 4.5 show that the partial factors for ground prop-
erties and ground resistances are unity for approach DA1-1 and generally govern the STR
limit state. DA1-2 provides for alternative material factors M1 or M2 and usually defines
the critical geotechnical sizing (GEO state). M1 factors are used for structural actions, while
M2 is applied to unfavourable geotechnical actions caused by ground movements, such
as downdrag and transverse loading. M2 factors are not used to modify the adopted soil
parameters for the design of axially loaded piles. The DA1-2 combination is frequently the
governing situation and is worth checking first.

EC7 currently gives no guidance on the factors to be used to obtain the design value of F,
where this is caused by geotechnical actions. The recommendations by Frank et al.®-5 that
the material and resistance factors as shown in Tables 4.2 through 4.5 should be applied as

Table 4.2 Partial factors for soil parameters (y,) for STR
and GEO limit states (A.NA.4)

Set
Soil parameter Symbol Ml M2
Angle of shearing resistance? Yo 1.0 1.25
Effective cohesion Yo 1.0 1.25
Undrained shear strength Y 1.0 1.4
Unconfined strength Yau 1.0 1.4

2 This factor is applied to tan ¢'.

Also note that different partial factors are to be applied to soil parameters
for design of piles for earthquake resistance as given in the NA to EC8-5.
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Table 4.3 Partial resistance factors (yg) for driven piles for STR and GEO limit states (A.NA.6)

Set
R4 without explicit R4 with explicit
Resistance Symbol RI verification of SLS verification of SLS
Base b 1.0 1.7 1.5
Shaft (compression) 7 1.0 1.5 1.3
Total/combined (compression) A 1.0 1.7 1.5
Shaft in tension Vst 1.0 2.0 1.7

Table 4.4 Partial resistance factors (y;) for bored piles for STR and GEO limit states (A.NA.7)

Set
R4 without explicit R4 with explicit
Resistance Symbol RI verification of SLS verification of SLS
Base % 1.0 2.0 1.7
Shaft (compression) 7s 1.0 1.6 1.4
Total/combined (compression) A 1.0 2.0 1.7
Shaft in tension Yex 1.0 2.0 1.7

Table 4.5 Partial resistance factors (yg) for CFA piles for STR and GEO limit states (A.NA.8)

Set
R4 without explicit R4 with explicit
Resistance Symbol RI verification of SLS verification of SLSA
Base Y 1.0 2.0 1.7
Shaft (compression) 7s 1.0 1.6 1.4
Total/combined (compression) A 1.0 2.0 1.7
Shaft in tension Ve 1.0 2.0 1.7

Note A in Tables 4.3, 4.4 and 4.5; the lower y values in R4 set may be adopted:

(a) If serviceability is verified by load tests (preliminary and/or working) carried out on more than 1% of the
constructed piles to loads not less than |.5 times the representative load for which they were designed

(b) If settlement is explicitly predicted by means no less reliable than in (a)

(c) If settlement at the SLS is of no concern

(It is suggested that current empirical design methods would satisfy the requirement in (b) where data exist
for comparable ground and pile type.)

multipliers to the characteristic values of the geotechnical actions to obtain the design values
are considered to be overcautious. When considering downdrag due to soft clay as an action
(see Section 4.8), care has to be taken in deciding how to apply the y,, factor.

Static pile loading tests using procedures described in Section 11.4.2 can be used directly
to obtain design resistance values as provided in EC7 Clause 7.6.2.2. In the United Kingdom,
the pile test data are mainly used to verify the design resistances derived from ground test
results or from empirical or analytical methods, rather than as the primary design tool. This
clause also deals with trial piles ‘tested in advance’. Again in the United Kingdom, it is rare
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to do more than one preliminary pile test on a site unless there are particular considerations
arising from the geotechnical risk assessment and the linear nature of the site. Trial piles
can also be used to check that the proposed installation method can achieve the design pen-
etration depth without difficulty (particularly in the case of driven piles) and can produce
a soundly constructed foundation. Loading tests are made on working piles at the project
construction stage to confirm the experiences of pre-contract trials and as a routine check
on the contractor’s workmanship.

Whenever possible, maintained load (ML) static pile tests should be taken to failure or to
the stage where a failure can be reliably extrapolated from the load/settlement diagram. In
cases where the failure load or ULS resistance, R_,,, cannot be interpreted from a continu-
ously curving load/settlement diagram, Clause 7.6.1.1(3) of EC7 permits R_,, to be conser-
vatively defined as the load applied to the pile head which causes a settlement of 10% of the
pile diameter. Clause 7.5.2.1(4) recommends that tension tests should be taken to failure
because of doubts about the validity of extrapolation in uplift loading. Note that the con-
stant rate of penetration (CRP) test is excluded for use in design, as it tends to over-predict
rate effects.

EC7 Clause 7.6.2.2 considers the situation where more than one pile test is carried out for
a design. The characteristic resistances R, have to be obtained using the model pile concept
and applying the correlation factors shown in Table A.NA.9 of the UK NA to the resistances
R,,, obtained from each loading test to arrive at the design resistances R_;. When instru-
mented piles are used to measure the separate components of base and shaft resistances
(R,, and R_,), the appropriate R set partial factors are used as shown in the tables.

Dynamic impact loading tests may also be used under EC7 Clause 7.6.2.4 to estimate
design resistances to axial compression loads provided that there has been an adequate
ground investigation. It is important that the method has been calibrated against static load-
ing tests on the same type of pile and of similar length and cross section and in comparable
soil conditions. The model pile correlation factors shown in Table A.NA.11 of the UK NA
and the partial factors in Tables 4.3 through 4.5 are applied to obtain design resistances as
for static load tests. The equipment used for dynamic testing and the method of interpreta-
tion are described in Sections 7.3 and 11.4.

Geometrical data are concerned with the cross-sectional dimensions of piles. In the case
of precast concrete and manufactured steel sections, the dimensions are required to conform
to manufacturing tolerances as set out in BS EN 1990 and summarised in Section 2.2.2.
While these tolerances are insignificant in relation to the uncertainties involved with soil
properties and design methods, they now comprise part of the mandatory ‘fitness for pur-
pose’ regime. Bored piles in which the concrete is placed in unlined boreholes or driven and
cast-in-place piles where the drive tube is extracted during or after placing the concrete may
undergo reductions in shaft diameter caused by waisting or necking as described in Section
2.4.2. EC2-1-1 Clause 2.3.4.2(2) specifies that the diameters to be used in concrete design
calculations for bored piles should be in accordance with the tolerances shown in Table 4.6.
This is somewhat controversial in the United Kingdom as no supporting data are available
and the clause allows for ‘other provisions’. (See Section 2.3.5 for the design diameter of

Table 4.6 Structural design tolerances for diameters
of uncased bored piles (as EC2-1-1)

Nominal diameter (d,,,,,) Design diameter (d)
<400 mm d=d,,— 20 mm
400 < d,,,, < 1000 mm d=0954d,,,

d,,, > 1000 mm d=d

[ om — 50 mm
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displacement auger piles). It is also necessary to consider the slope of the ground surface,
groundwater levels and structural dimensions.

Designs by prescription and by the observational method are also referred to in the gen-
eral part of the code. The prescriptive method applies to the tables of allowable bearing
pressures for spread foundations in various classes of soils and rocks given in EC7-1 Annex
G (previously quoted in BS 8004). Similar prescriptive tables are not generally available
for piles except those giving allowable base pressures for pile bearing on rock. It is sug-
gested that these tables should only be used for preliminary design purposes with a cautious
approach to the values. Empirical prescriptive correlations, which refer to ‘allowable stress’
situations, are probably not compatible with EC7 rules.

The observational method is not usually relevant to piled foundation design. The method
involves the observation during construction of the behaviour of the whole or part of the
structure and its foundation. Typically, the total and differential settlements are measured
as the loading increases, and any necessary modifications to the design are made if the move-
ments are judged to be excessive. At this stage, the piling would have been long completed
and too late to make any changes to the design without demolishing the superstructure or
introducing underpinning piles. Clause 7.4.1 refers to design by ‘observing the performance
of a comparable foundation’.

Experimental models are not used in the day-to-day design of piled foundations. Scale
models have their uses as a general research tool, provided that they reproduce the pile
installation method, and the findings are verified by full-scale tests and by experience.

The following sections of Chapter 4 describe the use of partial factors in obtaining values
for the separate components of base and shaft resistance of driven and bored piles in clays,
sands and rocks. The procedure for pile groups is discussed in Chapter 5.

4.2 CALCULATIONS FOR PILES IN FINE-GRAINED SOILS

4.2.1 Driven displacement piles

When a pile is driven into a fine-grained soil (e.g. clays and clayey silts), the soil is dis-
placed laterally and in an upward direction, initially to an extent equal to the volume
of the pile entering the soil. The clay close to the pile surface is extensively remoulded
and high pore-water pressures are developed. While it is not normal UK practice to drive
piles to found in soft clay, it is worth noting that the high pore pressures developed may
take weeks or months to dissipate. During this time, the shaft friction and end-bearing
resistance, in so far as they are related to the effective overburden pressure (the total
overburden pressure minus the pore-water pressure), are only slowly developed. The soft
clay displaced by the pile shaft slumps back into full contact with the pile. The water
expelled from the soil is driven back into the surrounding clay, resulting in a drier and
somewhat stiffer material in contact with the shaft. As the pore-water pressures dissi-
pate and the reconsolidation takes place, the heaved ground surface subsides to near its
original level.

The effects in a stiff clay are somewhat different. Lateral and upward displacement again
occurs, but extensive cracking of the soil takes place in a radial direction around the pile.
The clay surrounding the upper part of the pile breaks away from the shaft and may never
regain contact with it. If the clay has a fissured structure, the radial cracks around the pile
propagate along the fissures to a considerable depth. Beneath the pile toe, the clay is exten-
sively remoulded and the fissured structure destroyed. The high pore pressures developed in
the zone close to the pile surface are rapidly dissipated into the surrounding crack system,
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and negative pore pressures are set up due to the expansion of the soil. The latter may result
in an initially high ultimate resistance which may be reduced to some extent as the negative
pore pressures are dissipated and relaxation occurs in the soil which has been compressed
beneath and surrounding the lower part of the pile.

In allowable stress terminology, the unit end-bearing resistance of the displacement pile
(for the term Q, in Equation 4.1) was calculated from the equation ¢, = N_.c,,. For EC7
designs, the characteristic base resistance obtained from ground parameters is the same but
with the application of the model factor yg,:

NC u
Rok = Ayque = Ay~ (4.7)

YRd

where
N, is the bearing capacity factor
¢, 1s the ‘cautious estimate’ of undisturbed undrained shear strength representative of
the strength at the pile toe (It may be advisable to use the fissured strength in stiff
clays with distinct fissure planes.)
A, is the cross-sectional area of pile toe

The bearing capacity factor N, is approximately equal to 9 provided that the pile has been
driven at least to a depth of 5 diameters into the bearing stratum. It is not strictly correct
to take the undisturbed strength for c,, since remoulding has taken place beneath the toe.
However, the greater part of the failure surface in end bearing shown in Figure 4.3 is in soil
which has been only partly disturbed by the penetration of the pile. In a stiff fissured clay,
the gain in strength caused by remoulding is offset by the loss due to large-displacement
strains along a fissure plane. In the case of a soft and sensitive clay, the full undisturbed
cohesion should be taken only when the load is applied to the pile after the clay has had
time to regain its original shearing strength (i.e. after full dissipation of pore pressures); the
rate of gain in the carrying capacity of piles in soft clays is shown in Figure 4.4. It may be
noted that a period of a year is required for the full development of carrying capacity in
the Scandinavian quick clays. In any case, the end-bearing resistance of a small-diameter

| Failure surface in
F/" skin friction

Failure surface
in end bearing

Figure 4.3 Failure surfaces for compressive loading on piles.
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Figure 4.4 Gain in bearing capacity with increasing time after driving of piles into soft clays.

pile in clay is only a small proportion of the total resistance, and errors due to the incorrect
assumption of ¢,, on the failure surface are not of great significance.

In terms of pure soil mechanics theory, the ultimate shaft friction is related to the hori-
zontal effective stress acting on the shaft and the effective interface angle of friction between
the pile and the clay. Thus,

T, =0), tan 5, (4.8)

where
7, is the unit shaft friction at any point
o}, is the horizontal effective stress
5, is the effective remoulded angle of friction (taken as the interface friction)

A simplifying assumption is made that o}, is proportional to the vertical effective overbur-
den pressure o;,. That is, 5}, = Ko, so that

7, = Koj, tan &, (4.9)

The value of K, an earth pressure coefficient, is constantly changing throughout the
period of installation of the pile and its subsequent loading history. In the case of a driven
pile in a stiff clay, K is initially very high, as a result of the energy transmitted by the ham-
mer blows required to displace the clay around the pile. However, at this time, o, is very
low or even negative due to the high pore-water pressures induced by the pile driving. In the
case of a bored pile, K is low as the soil swells at the time of drilling the hole, but it increases
as concrete is placed in the shaft. Because of these constantly changing values of K and the
varying pore pressures (and hence values of o,,), pure soil mechanics methods cannot be
applied to practical pile design for conventional structures without introducing empirical
factors and simplified calculations to allow for these uncertainties.

A semi-empirical method based on cone-resistance values has been developed at Imperial
College (IC), London, for determining the ultimate bearing capacity of piles driven into clays
and sands. The method was developed primarily for piles carrying heavy compression and
uplift loads on offshore platforms for petroleum exploration and production. The proce-
dure for piles in clays is based on the use of rather complex and time-consuming laboratory
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tests, with the aim of eliminating many of the uncertainties inherent in the effective stress
approach as noted earlier. It is particularly suitable for piles driven to a deep penetration in
clays and sands and is briefly described in Section 4.3.7.

In the case of piles which penetrate a relatively short distance into the bearing stratum
of firm to stiff clay, that is piles carrying light to moderate loading, a sufficiently reli-
able method of calculating the unit shaft friction, q., on the pile shaft in allowable stress
terms was to use the equation g, = ac,. For EC7 designs, the characteristic shaft resis-
tance obtained from ground parameters is the same but with the application of the model
factor yg,

T e -T2

where
a is an adhesion factor
¢, is the characteristic undisturbed undrained shear strength of each soil layer surround-
ing the pile shaft
A, is the surface area of the pile shaft contributing to the support of the pile in shaft
friction

(4.10)

(Note EC7 continues the traditional use of ¢, for undrained shear strength, but the alter-
native S, nomenclature is now used by some designers and academics and normally in the
United States.)

The adhesion factor depends partly on the shear strength of the soil and partly on the
nature of the soil above the bearing stratum of clay into which the piles are driven. Early
studies“) showed a general trend towards a reduction in the adhesion factor from unity or
higher than unity for very soft clays to values as low as 0.2 for clays having a very stiff con-
sistency. There was a wide scatter in the values over the full range of soil consistency, and
these seemed to be unrelated to the material forming the pile.

Much further information on the behaviour of piles driven into stiff clays was obtained
in the research project undertaken for the Construction Industry Research and Information
Association (CIRTA)#*2), Steel tubular piles were driven into stiff to very stiff London Clay
and were subjected to loading tests at 1 month, 3 months and 1 year after driving. Some of
the piles were then disinterred for a close examination of the soil surrounding the interface.
This examination showed that the gap, which had formed around the pile as the soil was
displaced by its entry, extended to a depth of 8 diameters, and it had not closed up a year
after driving. Between depths of 8 diameters and 14-16 diameters, the clay was partly
adhering to the pile surface, and below 16 diameters, the clay was adhering tightly to the
pile in the form of a dry skin 1-5 mm in thickness which had been carried down by the
pile. Thus, in the lower part of the pile, the failure was not between the pile and the clay
but between the skin and surrounding clay which had been heavily sheared and distorted.
Strain gauges mounted on the pile to record how the load was transferred from the pile to
the soil showed the distribution of load in Figure 4.5. It may be noted that there was no
transfer of load in the upper part of the pile, due to the presence of the gap. Most of the
load was transferred to the lower part where the adhesion was as much as 20% greater
than the undrained strength of the clay. For structures on land, the gap in the upper part
of the pile shaft is of no great significance for calculating pile capacity because the greater
part of the shaft friction is provided at lower levels. In any case, much of the clay in the
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in in stiff clay, Construction Industry Research and Information Association, Research Report
No. 26, London, UK., 1970.)

region of the gap is removed when excavating for the pile cap. The gap may be significant
for relatively short piles with shallow capping beams for house foundations where these are
required as a precaution against the effects of soil swelling and shrinkage caused by vegeta-
tion (Section 7.9).

Research by Bond and Jardine*? on extensively instrumented piles jacked into stiff London
Clay confirmed the findings on the nature of the soil disturbance very close to the pile.
Negative pore pressures were induced in the clay close to the pile wall and positive pressures
further away from the pile. Equalisation of pore pressures after installation was very rapid
occurring in a period of about 48 h. There was no change in shaft friction capacity after the
equalisation period as observed by periodic first-time loading tests over a 3%-month period.

Earlier research, mainly in the field of pile design for offshore structures, has shown
that the mobilisation of shaft friction is influenced principally by two factors. These are
the over-consolidation ratio of the clay and the slenderness (or aspect) ratio of the pile. The
over-consolidation ratio is defined as the ratio of the maximum previous vertical effective
overburden pressure, o, to the existing vertical effective overburden pressure, o;,. For the
purposes of pile design, Randolph and Wroth*# have shown that it is convenient to repre-
sent the over-consolidation ratio by the simpler ratio of the undrained shear strength to the
existing effective overburden pressure, ¢,/o,,. They also showed that the ¢,/o;, ratio could
be correlated with the adhesion factor, a. A relationship between these two has been estab-
lished by Semple and Rigden*-% from a review of a very large number of pile loading tests,
the majority of them being on open-end piles either plugged with soil or concrete. This is
shown in Figure 4.6a for the case of a rigid pile and where the shaft friction is calculated
from the peak value of c,. To allow for the flexibility and slenderness ratio of the pile, it is
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necessary to reduce the values of @, by a length factor, F, as shown in Figure 4.6b. Thus,
the characteristic shaft resistance in EC7 terms is then

B oy
R = FZAS VRd

The slenderness ratio, L/B, influences the mobilisation of shaft friction in two ways. First, a
slender pile can ‘whip’ or flutter during driving causing a gap around the pile at a shallow depth.
The second influence is the slip at the interface when the shear stress at transfer from the pile
to the soil exceeds the peak value of shear strength and passes into the lower residual strength.
This is illustrated by the shear/strain curve of the simple shear box test on a clay. The peak shear
strength is reached at a relatively small strain followed by the much lower residual strength
at long strain. It follows that when an axial load is applied to the head of a long flexible pile,
the relative movement between the pile and the clay at a shallow depth can be large enough to
reach the stage of low post-peak strength at the interface. Near the pile toe, the relative move-
ment between the compressible pile and the compressible clay may not have reached the stage
of mobilising the peak shear strength. At some intermediate level, the post-peak condition may
have been reached but not the lowest residual condition. It is therefore evident that calculation
of the shaft friction resistance from the results of the peak undrained shear strength, as obtained
from unconfined or triaxial compression tests in the laboratory, may overestimate the available
friction resistance of long piles. The length factors shown in Figure 4.6b are stated by Semple
and Rigden to allow both for the flutter effects and the residual or part-residual shear strength

(4.11)
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conditions at the interface. The effect of these conditions on the settlement of single piles is dis-
cussed in Section 4.6.

The empirical a factor total stress approach to determine shaft friction is suitable where
there is a good database of pile testing, as in London Clay, but several uncertainties are
overlooked when considering a in soft clays. The effective stress principle in Equation 4.8
has been developed by means of a dimensionless shaft friction factor g, defined as K, tan &',
to calculate the unit shaft resistance as

qs = oo (4.12)

While ideally § can be precisely defined in soil mechanics terms, for practical application,
it is necessary to use empirical values from direct measurement of 7, in pile tests; judgement is
therefore required when selecting a design value. In London Clay,  values range from 0.8 to 1.2
(with &, between 17° and 24°) for piles less than 10 m deep, reducing with depth from 0.6 to 0.4
at 25 m deep. For driven piles, § will be at the lower end of the range, and in soft clay, values
of 0.15-0.25 are likely. In applying the f-method, it is assumed that the excess pore water is dis-
sipated and loading takes place under fully drained conditions. The back analyses of pile tests in
London Clay carried out by Bown and O’Brien*¢) have shown that if the in situ horizontal effec-
tive stress, 6, can be accurately measured, either by pile tests or by improved in situ soil testing,
such as the self-boring pressuremeter, then Equation 4.8 can be applied directly to determine
unit shaft friction in London Clay. It is recommended that an ‘installation factor’ of between 0.9
and 0.8 (decreasing with depth) is applied to 7, in stiff clay.

In marine structures where piles may be subjected to uplift and lateral forces caused by wave
action or the impact of berthing ships, it is frequently necessary to drive the piles to much
greater depths than those necessary to obtain the required resistance to axial compression load-
ing only. To avoid premature refusal at depths which are insufficient to obtain the required
uplift or lateral resistance, tubular piles are frequently driven with open ends. At the early stages
of driving, soil enters the pile when the pile is said to be ‘coring’. As driving continues, shaft
friction will build up between the interior soil and the pile wall. This soil is acted on by inertial
forces resulting from the blows of the hammer. At some stage, the inertial forces on the core
plus the internal shaft friction will exceed the bearing capacity of the soil at the pile toe calcu-
lated on the cross-sectional area of the open end. The plug is then carried down by the pile as
shown in Figure 4.7a. However, on further driving and when subjected to the applied load, the
pile with its soil plug does not behave in the same way as one driven to its full penetration with
the tip closed by a steel plate or concrete plug. This is because the soil around and beneath the
open end is not displaced and consolidated to the same extent as that beneath a solid-end pile.

Comparative tests on open-end and closed-end piles were made by Rigden et al.*”) The
two piles were 457 mm steel tubes driven to a penetration of 9 m into stiff glacial till in
Yorkshire. A clay plug was formed in the open-end pile and carried down to occupy 40%
of the final penetration depth. However, the failure loads of the clay-plugged and steel plate
closed piles were 1160 and 1400 kN respectively. Evaluation of the ultimate shaft friction
and base resistances showed that the external shaft friction on the open-end piles was 20%
less than that on the closed-end piles.

Accordingly, it is recommended that where field measurements show that a clay plug is
carried down, the characteristic bearing resistance should be calculated as the sum of the
base resistance, R, (obtained from Equation 4.7) multiplied by a factor of 0.5 and the
external shaft friction R, (obtained from Equation 4.11 and Figure 4.6) multiplied by a
factor of 0.8. Where an internal stiffening ring is provided at the toe of a steel pile, the base
resistance should be calculated only on the net cross-sectional area of the steel. Attempts to
clean out the core of soil from within the pile and replace it by a plug of concrete or cement—
sand grout are often ineffective due to the difficulty of removing the strongly adherent clay
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skin to provide an effective bond to the pile surface. Also on large-diameter piles, the radial
shrinkage of the concrete or grout plug can weaken the bond with the pile. As already noted,
the majority of the pile tests used to derive the relationships in Figure 4.6 were made on
open-end piles plugged with soil or concrete. Hence, the shaft friction derived from them
already incorporates the effect of the open end.

Plug formation between the flanges and web of an H-section pile is problematical. The
possible plug formation at the toe of an H-pile is shown in Figure 4.7b. The mode of forma-
tion of a dragged-down soft clay or sand skin has not been studied. A gap has been observed
around all flange and web surfaces of H-piles driven into stiff glacial till. An H-pile is not
a good type to select if it is desired to develop shaft friction and end-bearing resistance in a
stiff clay. It is recommended that the shaft friction is calculated on the outer flange surfaces
only, but plugging can be allowed for by calculating the end-bearing resistance on the gross
cross-sectional area of the pile. Because of the conservative assumptions of shaft friction and
the relatively low proportion of the load carried in end bearing, the calculated resistance
need not be reduced by the factor of 0.5 as recommended for tubular piles.

For design to EC7 rules in the United Kingdom, the characteristic base and shaft resis-
tances in Equations 4.7, 4.10 and 4.11 or 4.12 are obtained from the cautiously assessed
best-fit profile of all the ground test results"-3, applying well-established practice, judgement
and experience and yg, as shown. It is not usually necessary to use linear regression analysis
to determine the best-fit line for the design profile. The design resistances are then calculated
by applying the relevant partial resistance factors to each component as in Equation 4.4. The
inequality in Equation 4.3 is checked for the two combinations of DA1. This preferred pro-
cedure using the combined profile of soil parameters is illustrated by Worked Example 4.1.

In view of the large amount of test data available to designers of piles in London Clay,
there is a strong case for applying the reduced yg, of 1.2 to the calculated ultimate resistance.
Also a revised model factor can be obtained from a statistical analysis of a large database of
pile test results in other soils.
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4.2.2 Driven and cast-in-place displacement piles

The end-bearing resistance of driven and cast-in-place piles terminated in clay can be calculated
from Equation 4.7. Where the piles have an enlarged base formed by hammering out a plug of
gravel or dry concrete, the area A, should be calculated from the estimated diameter of the base.
It is difficult, if not impossible, for the designer to make this estimate in advance of the site oper-
ations since the contractor installing these proprietary piles makes his own decision on whether
to adopt a fairly shallow penetration and hammer out a large base in a moderately stiff clay or
whether to drive deeper to gain shaft friction, but at the expense of making a smaller base in the
deeper and stiffer clay. In a hard clay, it may be impracticable to obtain any worthwhile enlarge-
ment over the nominal shaft diameter. In any case, the base may have to be taken to a certain
minimum depth to ensure that settlements of the pile group are not exceeded (see Section 5.2.2).
The decision as to this minimum length must be taken or approved by the designer.

The conditions for predicting shaft friction on the shaft are different from those with
driven preformed piles in some important aspects. The effect on the soil of driving the piling
tube with its end closed by a plug is exactly the same as with a steel tubular pile; the clay
is remoulded, sheared and distorted, giving the same conditions at the pile-soil interface as
with the driven preformed pile. The clay has no chance to swell before the concrete is placed
and the residual radial horizontal stress in the soil closes up any incipient gap caused by
shrinkage of the concrete. Also the gap which may form around the upper part of the driv-
ing tube (or down the full length of the driving tube if an enlarged detachable shoe is used
to close its base) becomes filled with concrete. The tube, while being driven, drags down
a skin of soft clay or sandy soil for a few diameters into the stiff clay, and it is quite likely
that this skin will remain interposed between the concrete and the soil, that is the skin is
not entirely pulled out by adhering to the tube. However, in one important aspect, there is
a difference between the driven and the driven and cast-in-place pile in that water migrates
from the unset concrete into the clay and softens it for a limited radial distance. This aspect
is discussed in greater detail in Section 4.2.3. Thus, the adhesion factor for a driven and cast-
in-place pile in a stiff clay may be slightly less than that for a driven pile in corresponding soil
conditions. It will probably be greater over the length in a soft clay, however, the concrete
slumps outwards as the tube is withdrawn, producing an increase in effective shaft diameter.

The results of a number of loading tests on driven and driven and cast-in-place piles in
glacial till have been reviewed by Weltman and Healy“#). There appeared to be little dif-
ference in the a—c, relationship for either type of pile. They produced the design curves for
the two types of driven pile shown in Figure 4.8, including a curve for piles driven a short
penetration into stiff glacial till overlain by soft clay. Their review also included a study of
the shaft friction on bored piles in glacial till. Trenter*® recommended using the Weltman
and Healy relationships and stated that it is essential to obtain 100 mm samples of the till
suitable for strength tests.

The determination of the ULS resistance of driven and cast-in-place piles to EC7 rules
should follow the procedure described in Section 4.2.1 using the model factor yy, to give the
characteristic resistances.

4.2.3 Bored and cast-in-place non-displacement piles

The installation of bored piles using the equipment and methods described in Sections 3.3.1
through 3.3.6 and 3.4.6 causes changes in the properties of the soil on the walls of the pile
borehole which have a significant effect on the frictional resistance of the piles. The effect of
drilling is to cause a relief of lateral pressure on the walls of the hole. This results in swell-
ing of the clay and there is a migration of pore water towards the exposed clay face. If the
borehole intersects water-filled fissures or pockets of silt, the water will trickle down the
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hole and form a slurry with the clay as the drilling tools are lowered down or raised from
the hole. Water can also soften the clay if it trickles down from imperfectly sealed-off water-
bearing strata above the clay or if hose pipes are carelessly used at ground level to remove
clay adhering to the drilling tools.

The effect of drilling is always to cause softening of the clay. If bentonite drilling slurry is
used to support the sides of the borehole, softening of the clay due to relief of lateral pres-
sure on the walls of the hole will still take place, but flow of water from any fissures will not
occur. There is a risk of entrapment of pockets of bentonite in places where overbreak has
been caused by the rotary drilling operation. This would be particularly liable to occur in
a stiff fissured clay.

After placing concrete in the pile borehole, water migrates from the unset concrete into
the clay, causing further softening of the soil. The rise in moisture content due to the com-
bined effects of drilling and placing concrete was observed by Meyerhof and Murdock“10),
who measured an increase of 4% in the water content of London Clay close to the interface
with the concrete. The increase extended for a distance of 76 mm from the interface.

This softening affects only the shaft. The soil within the zone of rupture beneath and sur-
rounding the pile base (Figure 4.3) remains unaffected for all practical purposes, and the end-
bearing resistance R,, can be calculated from Equation 4.7, the value of the bearing capacity
factor N, again being 9. However, Whitaker and Cooke*1!) showed that the fissured structure of
London Clay had some significance on the end-bearing resistance of large bored piles, and they
suggested that if a bearing capacity factor of 9 is adopted, the characteristic shearing strength
should be taken along the lower range of the graph of shearing strength against depth. In other
clays, if ¢, is less than 96 kIN/m?, then a pro rata reduction in N_ to 8 at a ¢,;, of 48 kIN/m? could
be considered. If bentonite drilling mud is used, slurry can be trapped beneath the pile base, and
a reduction in end-bearing resistance will be needed as described by Reese et al.3-12)

The effect of the softening on the shaft friction of bored piles in London Clay was studied
by Skempton“12), who showed that the adhesion factor, a, ranged from 0.3 to 0.6 for a num-
ber of loading test results. He recommended an average value of 0.45 for normal conditions
where drilling and placing concrete followed a reasonably rapid sequence with a lower value
of 0.3 in heavily fissured clay. The curve for bored piles in Figure 4.8 can be used to obtain
the adhesion factor for very stiff to hard clays. Design charts for a have been based on mean
¢, values obtained from unconsolidated, undrained triaxial compression tests on 38 mm sam-
ples; if other sample sizes are used or different testing methods employed, then applying the
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traditional a value may not be appropriate. The London District Surveyors Association*!3
makes this point and advises that the adhesion factor should be 0.5 in London Clay (using
a mean value of ¢, not a characteristic value) with a limiting average ac, value for unit shaft
friction of 110 kN/m?. A higher value can be used if verified by ML pile tests. A lower a value
of 0.35 may be considered in wet shafts and at high length/diameter ratios. Viggiani et al.*1%
summarise recent research into the estimation of the adhesion factor for displacement and
replacement piles separately in respect of varying ¢, and o,. The American Petroleum Institute
(API)*19 has also adopted « values based on functions of ¢, and o), for displacement piles.

Where the planned construction programme will lead to long delays (say greater than
12 h) between drilling and placing the concrete, it is advisable to reduce the adhesion factor
to account for the clay on the sides of the shaft swelling and softening. The use of a polymer
drilling fluid to limit swelling can be considered as in Section 3.3.8.

Fleming and Sliwinski*1®) observed little difference in the adhesion factor between bored
piles drilled into clays in bentonite-supported holes and dry holes. This can be attributed to min-
imal time between drilling and concreting, the method of drilling — a plate auger causing scor-
ing or gouging or a bucket auger smoothing the sides — or to the rising column of tremie-placed
concrete sweeping a thin filter cake completely off the wall of the borehole. As noted in Section
3.3.8, where bentonite has been left in a bore for some time, the cuttings in suspension will lead
to a thick filter cake (up to 15 mm) forming on the sides and base of the hole which should be
cleared mechanically as it is unlikely to be scoured during tremie concreting. However, a reduc-
tion in the adhesion factor is not normally applied at design stage for bentonite-supported bore-
holes in London Clay based on the large number of load tests available. In other clays, it would
be advisable to reduce the adhesion factor by 0.8 to allow for the effects of the filter cake, soil
swelling and water from the concrete, unless a higher value can be demonstrated conclusively by
preliminary loading tests. Cleaning of the base is also needed in these conditions.

The procedure for checking the ULS resistance of bored piles in clay when using the EC7
rules is the same as described in Section 4.2.1, applying the partial factors in Tables 4.4 and
4.5. When using the  method to calculate g, in Equation 4.12 for bored piles in London
Clay, the values given in Section 4.2.1 are used. In soft, normally consolidated clays, a value
of 1.0 is suggested, subject to pile length and load testing.

The greater part of the resistance of bored piles in clay is provided by shaft friction. For
the STR limit state, the partial factors in the R1 set for DA1 verification are unity in the
preceding tables requiring the designer to give careful attention to the quality of field and
laboratory testing and the selection of soil parameters. The higher values of the partial fac-
tors in set R4 for bored piles and continuous flight auger (CFA) piles for the GEO limit state
compared with those for driven piles reflect the influence of the fissured structure of many
stiff clays and also take into account possible inadequacies when cleaning out the base of
the pile borehole before placing the concrete. There are also risks in soft clays of waisting or
necking when placing concrete in uncased boreholes or when extracting temporary casing.

When enlarged bases are provided on bored piles in a fissured clay, there may be a loss of
adhesion over part of the pile shaft in cases where appreciable settlements of the pile base are
allowed to occur. The effect of such movements is to open a gap between the conical surface
of the base and the overlying clay. The latter then slumps downwards to close the gap and
this causes a downdrag on the pile shaft. Arching prevents slumping of the full thickness
of clay from the ground surface to the pile base. It is regarded as overcautious to add the
possible downdrag force to the applied load on the pile, but nevertheless it may be prudent
to disregard the supporting action on the pile of shaft friction over a height of two shaft
diameters above the top of base enlargement, as shown in Figure 4.9.

Disregarding shaft friction over a height of two shaft diameters and taking a reduced adhe-
sion factor for the friction on the remaining length may make a pile with an enlarged base
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an unattractive proposition in many cases when compared with one with a straight shaft.
However, the enlarged base pile is economical if the presence of a very stiff or hard stratum
permits the whole of the applied load to be carried in end bearing. These piles can also be
advantageous where the concept of yielding or ‘ductile’ piles is adopted for the purpose of
achieving load distribution between piles as discussed in Sections 5.2.1 and 5.10. Enlarged
bases may also be a necessity to avoid drilling down to or through a water-bearing layer in an
otherwise impervious clay.

Piles for marine structures are sometimes installed by driving a steel tube to a limited
penetration below seabed, followed by drilling out the soil plug then continuing the drilled
hole without further support by the pile tube, using bentonite where needed. On reaching
the design penetration depth, a smaller-diameter steel tube insert pile is lowered to the bot-
tom of the borehole, and a cement grout is pumped-in to fill the annulus around the insert
pile and make a connection to the main pile (see Figure 8.18).

Kraft and Lyons*17) have shown that the adhesion factor used to calculate the shaft fric-
tion on the grout—clay interface is of the same order as that used for the design of conven-
tional bored and cast-in-place concrete piles. Where bentonite is used as the drilling fluid, a
reduction factor should be adopted as discussed earlier. A considerable increase in the adhe-
sion factor can be obtained if grout is injected under pressure at the soil—pile interface after
a waiting period of 24 h or more (see Section 3.3.9). Jones and Turner™1®) report a two- to
threefold increase in adhesion factor when post-grouting was undertaken around the shafts
of 150 mm diameter micropiles in London Clay. However, the feasibility of achieving such
increases should be checked by loading tests before using them for design purposes particu-
larly if there are doubts about the ability of the grouting process to achieve full coverage of
the shaft area. The post-grouting technique around the shafts of bored piles is used as a first
step where base grouting is to be carried out as described in Section 3.3.9.

Bustamante and Gianeselli*!®) presented a pile design method using CPT values, g, for
application to fine-grained and coarse-grained soils, which can be expressed as ¢, = ¢.q. for
shaft resistance and g, =c,q,,, for end-bearing resistance, where ¢, and ¢, are coefficients depen-
dent on the soil type, pile roughness and installation method. g, is the average cone resistance
for a layer and g, is the average cone resistance within 1.5 pile diameters above and below the
pile base. For soft clay, c; is quoted as 0.033 for bored and driven piles; the range for stiff clay
is from 0.016 for bored piles to 0.008 for driven steel piles. For soft clay, ¢, is given as 0.4 and
0.5 and for stiff clay 0.45 and 0.55, both sets for bored and driven piles respectively.
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4.2.4 Time effects on pile resistance in clays

Because the methods of installing piles of all types have such an important effect on the
shaft friction, it must be expected that with time after installation, there will be further
changes in the state of the clay around the pile, leading to an increase or reduction in the
friction. The considerable increase in resistance of piles driven into soft sensitive clays due
to the effects of reconsolidation has already been noted in Section 4.2.1.

Bjerrum*29 has reported on the effects of time on the shaft friction of piles driven into
soft clays. He observed that if a pile is subjected to a sustained load over a long period, the
shearing stress in the clay next to the pile is carried partly in effective friction and partly
in effective cohesion. This results in a downward creep of the pile until such time as the
frictional resistance of the clay is mobilised to a degree sufficient to carry the full shearing
stress. If insufficient frictional resistance is available, the pile will continue to creep down-
wards. However, the effect of long-term loading is to increase the effective shaft resistance
as a result of the consolidation of the clay. It must therefore be expected that if a pile has
an adequate resistance as shown by a conventional short-term loading test, the effect of
the permanent (i.e. long-term) load will be to increase the resistance with time. However,
Bjerrum further noted that if the load was applied at a very slow rate, there was a consider-
able reduction in the resistance that could be mobilised. He reported a reduction of 50% in
the adhesion provided by a soft clay in Mexico City when the loading rate was reduced from
10 to 0.001 mm/min and a similar reduction in soft clay in Gothenburg resulting from a
reduction in loading rate from 1 to 0.001 mm/min. These effects must be taken into account
when considering the application of partial factors and the model factor if a pile is required
to mobilise a substantial proportion of the applied load in shaft friction in a soft clay.

Conclusive observations on the effects of sustained loading on piles driven in stiff clays
have not appeared in the literature, but there may be a reduction in resistance with time.
Surface water can enter the gap and radial cracks around the upper part of the pile caused
by the entry of displacement piles, and this results in a general softening of the soil in the
fissure system surrounding the pile. The migration of water from the setting and hardening
concrete into the clay surrounding a bored pile is again a slow process, but there is some
evidence of a reverse movement from the soil into the hardened concrete*2. Some collected
data on reductions in resistance with time for loading tests made at a rapid rate of applica-
tion on piles in stiff clays are as follows:

Type of pile Type of clay Change in resistance Reference

Driven precast concrete London Decrease of 10%—-20% at 9 months  Meyerhof and
over the first test at | month Murdock®!9

Driven steel tube London Decrease of 4%-25% at | year over  Tomlinson2

the first test at | month

It is important to note that the same pile was tested twice to give the reductions shown
above. Loading tests on stiff clays often yield load/settlement curves of the shape shown in
Figure 11.16b (Section 11.4.2). Thus, the second test made after a time interval may merely
reflect the lower long-strain shaft friction which has not recovered to the original peak value
at the time of the second test. From the above-mentioned data, it is concluded that the fairly
small changes in pile resistance for periods of up to 1 year after equalisation of pore pressure
changes caused by installation are of little significance compared with other uncertain effects.
An increase could be allowed in the case of soft clays sensitive to remoulding. For example,
Doherty and Gavin*22) undertook a series of reload tests to examine ‘aging effects’ of driven
piles in soft clay in Belfast. The tests on 10-year-old piles indicated an increase in capacity of
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40%-50% compared with the previously established capacity. They conclude that where reuse
of piles is an option for urban redevelopment, design loads in excess of the original capacity
may be feasible but advise that further research into the underlying causes of aging is needed.
Fleming et al.*?3 also reviewed load test data for driven piles which show the changes in radial
stresses (total and effective) with over-consolidation ratio, immediately after installation and
after full equalisation of excess pore pressures. In this case, similar reductions to those quoted
earlier may be inferred, but long-term set-up remains under-researched.

The Norwegian Geotechnical Institute is currently supervising long-term research into
time effects on axial bearing capacity of piles with a view to incorporating the expected gain
in capacity into the design of offshore and onshore structures. Test sites include soft and stiff
clays and loose to medium-dense sands.

4.3 PILES IN COARSE-GRAINED SOILS

4.3.1 General

The allowable stress formulae for calculating the resistance of piles in coarse-grained
soils follow the same form as Equation 4.1. The characteristic resistances are calculated
using Equations 4.7 and 4.10 but applying the effective stress parameters of a coarse-
grained soil (c, = 0), as was the case for allowable stress design, namely, ¢, = N,o,, and
q. = ZKSG,’,O tan &, with the application of the model factor as before so that in EC7 terms

the characteristic pile resistance is

N,o,
Ry, = Apqpr = A, ——= (4.13)
YRd
K., tand
Ry =Aqy =y A~ (4.14)
¢ ¢ Z YRd

The design resistances R, and R, are then calculated as in Equation 4.4 with the relevant
partial factors.

In these expressions, o, is the effective overburden pressure at pile base level (or for the
shaft the sum of the selected increments), N, is the bearing capacity factor and A, is the area
of the base of the pile. K| is a coefficient of horizontal soil stress which depends on the rela-
tive density and state of consolidation of the soil, the volume displacement of the pile, the
material of the pile and its shape. ;is the characteristic or average value of the angle of fric-
tion between pile and soil, and A, is the area of shaft in contact with the soil. The factors N,
and K, are empirical and based on correlations with static loading tests: § is obtained from
empirical correlations with field tests and N, is derived from ¢’ using the relationship with
cone penetration tests (CPT) or standard penetration tests (SPT).

The factor N, depends on the ratio of the depth of penetration of the pile to its diameter
and on the angle of shearing resistance ¢ of the soil. The latter is normally obtained from
the results on tests made in situ (see Section 11.1.4). The relationships between the standard
penetration resistances N-value and ¢, as established by Peck et al.*?*, and between the
limiting static cone resistances g, and ¢, as established by Durgonoglu and Mitchell*29, are
shown in Figures 4.10 and 4.11 respectively.

From tests made on instrumented full-scale piles, Vesic*26) showed that the increase of base
resistance with increasing depth was not linear as might be inferred from Equation 4.13 but
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that rate of increase actually decreased with increasing depth. For practical design purposes, it
has been assumed that the increase is linear for pile penetrations of between 10 and 20 diame-
ters and that below these depths, the unit base resistance has been assumed to be at a constant
value. This simple design approach was adequate for ordinary foundation work where the
penetration depths of closed-end piles were not usually much greater than 10-20 diameters.
At these depths, practical refusal was usually met when driving piles into medium-dense to
dense coarse soils. End-bearing displacement piles in dense coarse-grained soils which overlie
weaker strata should be terminated at least 1 m above the weaker soils, and the stress on the
lower strata should be checked when the pile toe is less than 2 m above this horizon.

However, the use of piled foundations for offshore petroleum production platforms and
monopiles for offshore wind farms has necessitated driving hollow tubular piles with open
ends to considerable depths below the seabed to obtain resistance in shaft friction to uplift
loading. The assumption of a constant unit base resistance below a penetration depth of
10-20 diameters has been shown to be over-conservative (see Section 4.3.7).

The value of N, is obtained from the relationship between the drained angle of shearing
resistance (¢') of the soil at the pile base and the penetration depth/breadth of the pile. The rela-
tionship developed by Berezantsev et al.*?7) is shown in Figure 4.13. Vesic*29 stated that these
N, values gave results which most nearly conform to the practical criteria of pile failure and
are the most widely used for circular piles. The alternative is to use the Brinch Hansen>* N,
factors in Figure 5.6, multiplied by a shape factor (1.2) to convert them to a circular pile. These
may be optimistic for D/B ratios over 20 and ¢’ values greater than 35°. The Brinch Hansen
factors have been adopted by API“*15) with limiting values for shaft friction and end bearing.
The values of ¢’ obtained from SPT N-values are not normally corrected for overburden pres-
sure when relating them to the Brinch Hansen N, factors. However, Bolton*-¥ proposed that
the Berezantsev N, value in Equation 4.13 should be limited to mean effective stress levels in
excess of 150 kN/m?2, and below this, the value of ¢’ in sand should be corrected for mean stress
level and a critical angle of friction, ¢,,. Fleming et al.#?3) give an iterative method of calculat-
ing the mean stress and provide useful design charts; the Oasys PILE program (Appendix C)
also includes the Bolton method. Care is needed when dealing with multilayered soils.

The assumption of a constant unit base resistance below a penetration depth of 10-20
diameters has been shown to be over-conservative (see Section 4.3.7). The base resistance of
open-end piles driven into sands is low compared with closed-end piles, except when a plug
of sand formed at the toe is carried down during driving. The mechanics and effects of plug
formation are discussed in Section 4.3.3.

Kulhawy*29 calculated the ultimate base resistance for very loose and very dense sands
in dry and saturated conditions (i.e. in the absence of groundwater and piles wholly below
groundwater level) for a range of depths down to a penetration of 30 m. Unit weights of
18.1 and 19.7 kN/m? were used for the dry loose and dense sands respectively. These val-
ues shown in Figure 4.12 may be used for preliminary design purposes in uniform sand
deposits. For densities between very loose and very dense, the base resistance values can be
obtained by linear interpolation.

Reduction in the rate of increase in base resistance with increase in penetration depths is
also shown by Berezantsev et al.*?7) as shown in Figure 4.13. Cheng*-3% has recalculated the
Berezantsev depth factor and shown that N, can be increased by 4%-10% and is significant
when D/B is large. However, the revised Berezantsev values are still smaller than the corre-
sponding Vesic values of N,. Ultimate base resistance values using the original factors have
been calculated for a closed-end pile of 1220 mm diameter driven into loose sand having a
uniform unit submerged weight of 7.85 kIN/m? in Figure 4.14. The angle of shearing resistance
of the sand has been assumed to decrease from 30° at the soil surface to 28° at 30 m depth. It
will be seen that the Berezantsev N, values gave lower base resistance than those of Kulhawy.
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A similar comparison was made for the 1220 mm pile driven into a dense sand having
a uniform unit submerged density of 10.8 kN/m?3. The angle of shearing resistance was
assumed to decrease from 40° at the soil surface to 37° at 30 m. Figure 4.14 shows that the
Kulhawy base resistance values in this case were lower than those of Berezantsev. The pen-
etration depths in Figure 4.14 have been limited to 20 m for dense sands. This is because the
pile capacity as determined by the base resistance alone exceeds the value to which the pile
can be driven without causing excessive compression stress in the pile shaft. For example,
taking a heavy section tubular pile with a wall thickness of 25 mm in high-yield steel and,



160 Pile design and construction practice

Ultimate base resistance of closed-end pile (MN)

0 5 10 15 20 25 30
0 t f F Tt f
61»62
Q,
51 0[‘3'@,, ~]
“p,
7
¢ %
’f‘% Cs (b) Dense sand
—_ 7 %,
E 101 o 5 .
= gé .
5 %
9 2 °
& »\% Z,
) © 5
2 154- % \ % Z, _
g, 5 \z 2, \
— =) = % \
S Z % \
o) <&
5 < = s \\
Fal |2 \% N
a 201 < 2,
£ s
8
(a) Loose sand
2x allowable
251 load on 1220 m — =1
OD x25 mm
wall thickness pile in
high yield steel
30 | |

Figure 4.14 Base resistance versus penetration depth for 1220 mm diameter closed-end pile driven into
sand. (a) Loose sand. (b) Dense sand.

in allowable stress terms, limiting the compression stress to twice the value given by the
allowable working stress of 0.3 times the yield stress, the ultimate pile load is 9.7 MN.
This is exceeded at 12 and 20 m penetration using the Berezantsev and Kulhawy factors
respectively. The high base resistances which can be obtained in dense sands often make it
impossible to drive piles for marine structures to a sufficient depth to obtain the required
resistances to uplift and lateral loading. This necessitates using open-end piles, possibly with
a diaphragm across the pile at a calculated height above the toe as described in Section 2.2.4.

When piles are driven into coarse-grained soils (gravels, sands and sandy silts), significant
changes take place around the pile shaft and beneath its base. Loose soils are readily dis-
placed in a radial direction away from the shaft. If the loose soils are water bearing, vibra-
tions from the pile hammer cause the soils to become guick and the pile slips down easily.
The behaviour is similar with bored piles, when the loosened sand (which may initially
be in a dense state) slumps into the borehole. When piles are driven into medium-dense to
dense sands, radial displacement is restricted by the passive resistance of the surrounding
soil resulting in the development of a high interface friction between the pile and the sand.
Continued hard driving to overcome the build-up of frictional resistance may cause degra-
dation of angular soil particles with consequent reduction in their angle of shearing resis-
tance. In friable sands, such as the detritus of coral reefs, crushing of the particles results in
almost zero resistance to the penetration of open-end piles.

Driving a closed-end pile into sand displaces the soil surrounding the base radially. The
expansion of the soil mass reduces its in situ pore pressure, even to a negative state, again
increasing the shaft friction and greatly increasing the resistance to penetration of the pile.
Tests on instrumented driven piles have shown that the interface friction increases exponen-
tially with increasing depth as shown in Figure 4.15.
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Friction on the pile shaft in coarse-grained soil is calculated using the simplified effective
stress Equation 4.9 as given in the second term in Equation 4.14. The factor K in Equation 4.9
is denoted by K, which is related to K, to the type of pile and to the installation method
as shown in Table 4.7. The value of K| is critical to the evaluation of the shaft friction and
is the most difficult to determine reliably because it is dependent on the stress history of the
soil and the changes which take place during installation of the pile. In the case of driven
piles, displacement of the soil increases the horizontal soil stress from the original K, value.
Drilling for bored piles can loosen a dense sand and thereby reduce the horizontal stress.

The factor K is governed by the following influences:

1. The stress history of the soil deposit, characterised by its coefficient of earth pressure
at rest, K, in an undisturbed state

2. The ratio of the penetration depth to the diameter of the pile shaft

3. The rigidity and shape of the pile

4. The nature of the material forming the pile shaft

K, is measured by field tests such as the SPT or the CPT and by the pressuremeter
(Section 11.1). In normally consolidated soils, K, is constant with depth and depends on

Table 4.7 Values of the coefficient of horizontal soil stress, K,

Installation method K/Ko
Driven piles, large displacement 1-2
Driven piles, small displacement 0.75-1.25
Bored and cast-in-place piles 0.70-1
Rotary displacement piles 0.7-1.2
CFA piles 0.5-0.9

Note: The values K/K, inTable 4.7 for CFA and rotary displacement piles
in sands are dependent on the installation equipment and technique.



162 Pile design and construction practice

the relative density of the deposit. Some typical values for a normally consolidated sand
are as follows:

Relative density Ko
Loose 0.5
Medium-dense 0.45
Dense 0.35

If the soil deposits are over-consolidated, that is if they have been subjected to an over-
burden pressure at some time in their history, K, can be much higher than the values shown
above, say of the order of 1-2 or more. It is possible to determine whether or not the soil
deposit is over-consolidated by reference to its geological history or by testing in the field
using SPTs or static cone tests. Normally consolidated soils show low penetration values at
the surface increasing roughly linearly with depth. Over-consolidated soils show high values
at shallow depths, sometimes decreasing at the lower levels.

The angle of interface friction §, in Equation 4.14 is obtained by applying a factor to the
average effective angle of shearing resistance (¢’) of the soil as determined from its rela-
tionship with SPT or CPT values as shown in Figures 4.10 and 4.11. The factor to obtain
5, from the design ¢’ depends on the surface material of the pile. Factors established by
Kulhawy®*2% are shown in Table 4.8. They apply both to driven and bored piles. In the
latter case, ¢’ depends on the extent to which the soil has been loosened by the drilling
process (Section 4.3.6). The CFA type of bored pile (Section 2.4.2) is advantageous in
this respect.

Use of the K /K relationship in Table 4.7 to determine the characteristic shaft resistance
of a pile driven into sand when using Equation 4.14 does not reflect the exponential distri-
bution of intergranular friction shown in Figure 4.15. Fleming et al.#?3) comment that K|
may be estimated from K, = N,/50, which would not be linear. Poulos and Davis“-3" also
provide an empirical non-linear relationship, g = K, tan § as a function of the initial ¢’, for
application in Equations 4.9 and 4.14 to driven and bored piles in normally consolidated
sands. Some suggested values for # are as follows:

Initial angle of internal friction ¢’ Driven piles Bored piles
33° 0.4 0.15
35° 0.75 0.2

37° 1.2 0.4

Table 4.8 Values of the angle of pile to soil friction for various
interface conditions

Pile—soil interface condition Angle of pile—soil friction, &
Smooth (coated) steel/sand 0.5¢ —0.7¢

Rough (corrugated) steel/sand 0.7¢ —0.99
Precast concrete/sand 0.8¢ —1.0¢
Cast-in-place concrete/sand 1.0¢

Timber/sand 0.8¢ —0.99
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EC7 rules require that the base resistance of tubular piles driven with open ends having
an internal diameter greater than 500 mm should be the lesser of the shearing resistance
between the soil plug and the pile interior and the base resistance of the cross-sectional area
of the pile at the toe.

4.3.2 Driven piles in coarse-grained soils

Driving piles into loose sands densifies the soil around the pile shaft and beneath the
base. Increase in shaft friction can be allowed for by using the higher values of K related
to K, from Table 4.7. However, it is not usual to allow any increase in the ¢ values and
hence the bearing capacity factor N, caused by soil compaction beneath the pile toe. The
reduction in the rate of increase in end-bearing resistance with increasing depth has been
noted earlier. A further reduction is given when piles are driven into soils consisting of
weak friable particles such as calcareous soils consisting of carbonate particles derived
from disintegrated corals and shells. This soil tends to degrade under the impact of
hammer blows to a silt-sized material with a marked reduction in the angle of shearing
resistance, shaft friction and end-bearing.

Because of these factors, published records for driven piles which have been observed from
instrumented tests have not shown values of the ultimate base resistance much higher than
11 MN/m?. This figure is proposed for closed-end piles as a practical peak value for ordi-
nary design purposes, but it is recognised that higher resistances up to a peak of 22 MN/m?
may be possible when driving a pile into a dense soil consisting of hard angular particles.
While modern UK practice has generally moved away from limiting values of end-bearing
pressure, such high values should not be adopted for design purposes unless proved by load-
ing tests. Figure 4.14 shows that the base resistance of a closed-end pile driven into a dense
sand can reach the maximum compressive stress to which the pile can be subjected during
driving at a relatively short penetration. Whichever bearing capacity approach is used, with
or without a depth factor, a maximum value of base resistance is reached at a penetration
of 10-20 pile diameters and is unlikely to be exceeded no matter how much deeper the pile
is driven into medium-dense to dense soils to gain a small increase in shaft friction. There is
also the risk of pile breakage.

H-section piles are not economical for carrying high-compression loading when driven
into sands. Plugging of the sand does not occur in the area between the web and flanges. The
base resistance is low because of the small cross-sectional area. Accordingly, the pile must be
driven deeply to obtain worthwhile shaft friction. The latter is calculated on the total sur-
face of the web and flanges in contact with the soil. At Nigg in Scotland, soil displacements
of only a few centimetres were observed on each side of the flanges of H-piles driven about
15 m into silty sand, indicating that no plugging had occurred over the full depth of the pile
shaft. The base resistance of H-piles can be increased by welding short stubs or wings (see
Figure 2.18a) at the toe. Some shaft friction is lost on the portion of the shaft above these
base enlargements.

The exponential distribution of interface friction shown in Figure 4.15 has been shown by
the Imperial College research to be a function of the length-to-diameter ratio or in the terms
of the researchers the ratio of the height above the toe to the pile radius (h/R). It follows
that it is more advantageous to use a large-diameter pile with a relatively short embedment
depth rather than a small diameter with a deep penetration, but in some circumstances,
however, it may be necessary to drive deeply to obtain the required resistance to uplift or
lateral loading.

When applying EC2 material factors (see Section 7.10.1) to proprietary types of precast
concrete piles, the design compressive strength is in the range of 14-20 MN/m?2. Therefore, if
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a peak base resistance of 11 MN/m? is adopted, the piles will have to develop substantial
shaft friction to enable the maximum applied load to be utilised. This is feasible in loose
to medium-dense sands but impracticable in dense sands or medium-dense to dense sandy
gravels. In the latter case, peak base resistance values higher than 11 MN/m? may be fea-
sible, particularly in flint gravels.

When using the EC7 rules, the design ¢’ values obtained from the best-fit test profiles could
be divided by the ‘calibration factor’ of 1.05 to derive the N, value, as a simple means of
dealing with the corrected ¢’ values noted earlier. The M set of partial factors is not used to
modify the profile values of tan 8, or ¢’ as they are derived from in situ tests. The model pile
approach based on the mean and minimum values of each SPT profile is not considered here.

4.3.3 Piles with open ends driven into coarse-grained soils

It was noted in Section 4.3.1 that it is frequently necessary to drive piles supporting offshore
petroleum production platforms to considerable depth below the seabed in order to obtain
the required resistance to uplift by shaft friction. Driving tubular piles with open ends is
usually necessary to achieve this. Driving is relatively easy, even through dense soils, because
with each blow of the hammer, the overall pile diameter increases slightly, thereby push-
ing the soil away from the shaft. When the hammer is operating with a rapid succession of
blows, the soil does not return to full contact with the pile. A partial gap is found around
each side of the pile wall allowing the pile to slip down. Flexure of the pile in the stick-up
length above seabed also reduces resistance to penetration.

At some stage during driving, a plug of soil tends to form at the pile toe after which the
plug is carried down with the pile. At this stage, the base resistance increases sharply from
that provided by the net cross-sectional area of the pile shoe to some proportion (not 100%)
of the gross cross-sectional area.

The stage when a soil plug forms is uncertain; it may form and then yield as denser soil
layers are penetrated. It was noted in Section 2.2.4 that 1067 mm steel tube piles showed
little indication of a plug moving down with the pile when they were driven to a depth of
22.6 m through loose becoming medium-dense to dense silty sands and gravels in Cromarty
Firth. No plugging, even at great penetration depths, may occur in uncemented or weakly
cemented calcareous soils. Dutt et al.*3? described experiences when driving 1.55 m diam-
eter steel piles with open ends into carbonate soils derived from coral detritus. The piles fell
freely to a depth of 21 m below seabed when tapped by a hammer with an 18 tonne ram.
At 73 m, the driving resistance was only 15 blows/0.3 m.

It should not be assumed that a solidly plugged pile will mobilise the same base resis-
tance as one with a closed end. In order to mobilise the full resistance developed in fric-
tion on the inside face, the relative pile-soil movement at the top of the plug must be of
the order of 0.5%-1% of the pile diameter. Thus, with a large-diameter pile and a long
plug, a considerable settlement at the toe will be needed to mobilise a total pile resis-
tance equivalent to that of a closed-end pile. Another uncertain factor is the ability of the
soil plug to achieve sufficient resistance to yielding by arching of the plug across the pile
interior. Research has shown that the arching capacity is related principally to the pile
diameter. Clearly, it is not related to the soil density because the soil forming the plug is
compacted by the pile driving. The estimated ultimate bearing resistances of sand-plugged
piles obtained from published and unpublished sources have been plotted against the pile
diameters by Hight et al.#-33 Approximate upper and lower limits of the plotted points are
shown in Figure 4.16. In most cases, the piles were driven into dense or very dense soils,
and the test evidence pointed clearly to failure within the plug and not to yielding of the
soil beneath the pile toe.
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Figure 4.16 Reduction in end-bearing capacity of open-end piles driven into sand due to increase in diam-
eter. (After Hight, D.W. et al., Evidence for scale effects in the end-bearing capacity of open-end
piles in sand, Proceedings of the 28th Offshore Technology Conference, Houston, TX, OTC 7975,
pp. 181-192, 1996.)

4.3.4 Driven and cast-in-place piles in coarse-grained soils

Both the base resistance and shaft friction of driven and cast-in-place piles can be calculated
in the same way as described for driven piles in the preceding Section. The installation of
driven and cast-in-place types does not loosen the soil beneath the base in any way, and if
there is some loosening of the soil around the shaft as the driving tube is pulled out, the
original state of density is restored, if not exceeded, as the concrete is rammed or vibrated
into place while pulling out the tube. Loosening around the shaft must be allowed for if
no positive means are provided for this operation. The provision of an enlarged base adds
considerably to the end-bearing resistance of these piles in loose to medium-dense sands
and gravels. The gain is not so marked where the base is formed in dense soils, since the
enlargement will not greatly exceed the shaft diameter and, in any case, full utilisation of
the end-bearing resistance may not be possible because of the need to keep the compressive
stress on the pile shaft within design limits.

4.3.5 Bored and cast-in-place piles in coarse-grained soils

If drilling for the piles is undertaken by baler (see Section 3.3.7) or by grabbing underwater,
there is considerable loosening of the soil beneath the pile toe as the soil is drawn or slumps
towards these tools. This causes a marked reduction in end-bearing resistance and shaft
friction, since both these components must then be calculated on the basis of a low relative
density (¢ = 28°-30°). Only if the piles are drilled by power auger or reverse-circulation
methods in conjunction with a stabilising slurry or by drilling underwater followed by a
base-grouting technique as described in Section 3.3.9 can the end-bearing resistance be
calculated on the angle of shearing resistance of the undisturbed soil. However, the effects
of entrapping slurry beneath the pile toe®®*' must be considered. If routine base cleaning
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is not effective, then the appropriate reduction in resistance should be made. Alternatively,
loading tests should be made to prove that the bentonite technique will give a satisfactory
end-bearing resistance. Fleming and Sliwinski1¢) suggest that the shaft friction on bored
piles, as calculated from a coefficient of friction and the effective horizontal pressure, should
be reduced by 10%-30% if a bentonite slurry is used for drilling in a sand.

The effects of loosening of the soil by conventional drilling techniques on the interface
shaft friction and base resistances of a bored pile in a dense sand are well illustrated by
the comparative loading tests shown in Figure 4.17. Bored piles having a nominal shaft
diameter of 483 mm and a driven precast concrete shell pile with a shaft diameter of
508 mm were installed through peat and loose fine sand into dense sand. The bored piles
with toe levels at 4.6 and 9.1 m failed at 220 and 350 kN respectively, while the single
precast concrete pile which was only 4 m long carried a 750 kN test load with negligible
settlement.

Design by calculation under EC7 procedures is as described in Section 4.3.2, with N, and
tan §, in Equations 4.13 and 4.14 respectively, being obtained from ¢’ values based on SPT
or CPT relationships. Judgement is necessary to estimate the reduction in ¢’ caused by the
pile drilling. Values of K, are obtained from Table 4.7 with the assumption that K, repre-
sents the loosening of the sand.
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Figure 4.17 Comparison of compressive resistance of driven piles and bored and cast-in-place piles in dense
to very dense coarse soils.
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4.3.6 Use of in situ tests to predict the ultimate
resistance of piles in coarse-grained soils

It has been noted that the major component of the ultimate resistance of piles in dense
coarse soils is the base resistance. However, Figures 4.13 and 4.14 show that the values
of N, are very sensitive to the values of the angle of shearing resistance of the soils. These
values are obtained from in situ tests made in boreholes, and if the boring method has loos-
ened the soil, which can happen if incorrect techniques are used (see Section 11.1.4), then
the base resistance of any form of driven pile is grossly underestimated. It is very unlikely
that the boring method will compact the soil, and thus any overestimation of the shearing
resistance is unlikely.

A reliable method of predicting the shaft friction and base resistance of driven and driven
and cast-in-place piles is to make static cone penetration tests at the site investigation stage
(CPTM or CPTU, see Section 11.1.4). This equipment produces curves of cone penetration
resistance with depth (Figure 4.18). The Bustamante and Gianeselli*!?) empirical factors
noted earlier to determine the end-bearing resistance of bored piles from cone-resistance
values must be used with considerable caution in sands because of the loosening of the soil
caused by drilling.

Extensive experience with pile predictions based on the cone penetrometer in the
Netherlands has produced a set of design rules which have been summarised by Meigh“-34,

Although engineers in the Netherlands and others elsewhere assess shaft friction values
on the measured local sleeve friction (f,), the established empirical correlations between unit
friction and cone resistance (g,) are to be preferred. This is because the cone-resistance val-
ues are more sensitive to variations in soil density than the sleeve friction and identification
of the soil type from the ratio of g, to f, is not always clear-cut. Empirical relationships of

Cone resistance (g,) (MN/m?2) Cone resistance (q.) (MN/m?)
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Figure 4.18 Use of static cone penetration tests (CPTs) to obtain design values of average cone resis-
tance (q.) in coarse soils. (a) Determining q. from average and lower bound q./depth curves
and (b) Method used in the Netherlands for obtaining base resistance.
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Table 4.9 Relationships between pile shaft friction and cone resistance

Pile type Ultimate unit shaft friction
Timber 0.012 q,

Precast concrete 0.012 q.

Precast concrete enlarged base? 0.018 q.

Steel displacement 0.012 q,
Open-ended steel tube® 0.008 q,
Open-ended steel tube driven into fine to medium sand 0.0033 q,

Source: After Meigh,A.C., Cone Penetration Testing, CIRIA-Butterworth, London, UK, 1987.

2 Applicable only to piles driven in dense groups; otherwise, use 0.003 where the shaft size is
less than the enlarged base.
® Also applicable to H-section piles.

pile friction to cone resistance are shown in Table 4.9 and are applicable to piles under static
axial compression loading. A limiting value of 0.12 MN/m? is proposed for the ultimate
shaft friction.

The end-bearing resistance of piles is calculated from the relationship:

qub = ac (4.15)

where g, is the average cone resistance within the zone influenced by stresses imposed by
the toe of the pile. This average value can be obtained by plotting the variation of g, against
depth for all tests made within a given area. An average curve is then drawn through the
plots either visually or using a computer-based statistical method (Figure 4.18). It is a good
practice to draw a lower bound line through the lower cone-resistance values, ignoring sharp
peak depressions provided that these are not clay bands in a sand deposit, hence the need to
correlate g, with the soil stratification. The average curve can then be applied to determine
the design resistances. Where obvious differences in CPT profiles are present over the site,
there is a good case for using the EC7 model procedure for calculating design resistances,
as demonstrated by Bauduin“-3%). Different calibration factors may have to be introduced to
account for differences between g, values from an electric cone and a mechanical cone and
when considering cyclic compression loading to allow for the degradation of siliceous sand
(see Section 6.2.2).

The method generally used in the Netherlands is to take the average cone resistance g,
over a depth of up to four pile diameters below the pile toe and the average g._, eight pile
diameters above the toe as described by Meigh*-34),

The ultimate base resistance is then

GQup = qc-1 ;qc—Z (416)

The shape of the cone-resistance diagram is studied before selecting the range of depth
below the pile to obtain g._;. Where the g, increases continuously to a depth of 4D below
the toe, the average value of g._; is obtained only over a depth of 0.7D. If there is a sud-
den decrease in resistance between 0.7D and 4D, the lowest value in this range should
be selected for g._; (Figure 4.18b). To obtain g._,, the diagram is followed in an upward
direction, and the envelope is drawn only over those values which are decreasing or
remain constant at the value at the pile toe. Minor peak depressions are again ignored
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Figure 4.19 Limiting values of pile end-bearing resistance for solid-end piles. (After Te Kamp, W.C,, Sondern
end funderingen op palen in zand, Fugro Sounding Symposium, Utrecht, the Netherlands, 1977.)

provided that they do not represent clay bands; values of g, higher than 30 MN/m? are
disregarded over the 4D-8D range.

An upper limit is placed on the value of the base resistance obtained by either of the meth-
ods shown in Figure 4.18. Upper limiting values depend on the particle-size distribution and
over-consolidation ratio and are shown in Figure 4.19 after Te Kamp*-36),

The relationship g, = g, in Equation 4.15 is valid for piles up to about 500 mm in diam-
eter or breadth, provided that a pile head displacement of 10% of the diameter is taken as
the criterion of failure. The reduction of the g,/q. ratio with increase in diameter is discussed
in Section 4.3.7.

A further factor must be considered when calculating pile shaft friction and end-bearing
resistance from CPT data. This is the effect of changes in overburden pressure on the g,
(and also local friction) values at any given level. Changes in overburden pressure can result
from excavation, scour of a river or seabed or the loading of the ground surface by placing
fill. The direct relationship between g, and overburden pressure is evident from Figure 4.11.
Taking the case of a normally consolidated sand when the vertical effective stress is reduced
by excavation, the ratio of the horizontal stress to the vertical stress is also reduced, but not
in the same proportion depending on the degree of unloading. The effects are most marked
at shallow depths.

Small reductions in overburden pressure cause only elastic movements in the assembly
of soil particles. Larger reductions cause plastic yielding of the assembly and a proportion-
ate reduction of horizontal pressures. Broug37) has shown that the threshold value for the
change from elastic to elasto-plastic behaviour of the soil assembly occurs when the degree
of unloading becomes less than 0.4.

The effect of unloading on cone-resistance values was shown by De Gijt and Brassinga'*-3%),
Figure 4.20 shows g_/depth plots before and after dredging to a depth of 30 m in the nor-
mally consolidated alluvial sands of the River Maas in connection with an extension to the
Euroterminal in the Netherlands. Large reductions in overburden pressure within the zone
10 m below the new harbour bed caused the reduction in cone resistance. The difference
between the observed new cone resistance and the mean line predicted by Broug®3”) did not
exceed 5%.

The effects are most marked where the soil deposits contain weak particles such as mica-
ceous or carbonate sands. Broug*3”) described field tests and laboratory experiments on
sands containing 2%-5% of micaceous particles. These studies were made in connection
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Figure 4.20 Cone resistance versus depth before and after dredging sand. (After De Gijt, J.G. and Brassinga,

H.E., Land Water, 1.2, 21, January 1992.)

with the design of piled foundations for the Jamuna River Bridge in Bangladesh where scour

™

N

X

—— Calculated (Broug)
X Measured

depths of 30—-35 m occur at times of major floods*#2),

The static cone penetration test, which measures the resistance of the ‘undisturbed’ soil,
is used as a measure of the resistance to penetration of a pile into a soil which has been com-
pacted by the pile driving. Heijnen*-3*) measured the cone resistance of a loose to medium-
dense silty fine sand before and after installing driven and cast-in-place piles. The increase
in resistance at various distances from the 1 m diameter enlarged base caused by the pile

driving was as follows:

Distance from pile axis (m)

Increase in static cone resistance (%)

|
2
35

50-100
About 33
Negligible

In spite of the considerable increase in resistance close to the pile base, the ultimate
resistance of the latter was in fact accurately predicted by the cone-resistance value of the
undisturbed soil by using Equation 4.15. This indicates that the effect of compaction both
in driven and driven and cast-in-place piles is already allowed for when using this equation.
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Field trials to correlate the static cone resistance with pile loading tests are necessary in
any locality where there is no previous experience to establish the relationship between
the two. In the absence of such tests, the ratio g,/q. should be taken as 0.5. The pile head
settlement at the applied load is then unlikely to exceed 10 mm for piles of base widths up
to about 500 mm. Further reductions in g,/g, values may be needed for high effective over-
burden stresses. Bustamante and Gianeselli*'® propose a reduction of 0.4 for driven piles
in very compact sand and gravel with a g, resistance >12 MN/m?. For larger base widths, it
is desirable to check that pile head settlements resulting from the design end-bearing pres-
sure are within tolerable limits. Pile head settlements can be calculated using the methods
described in Section 4.6.

4.3.7 Tubular steel piles driven to deep penetration
into clays and sands

The principal users of large tubular steel piles are the offshore petroleum industry,
and recently, these piles have found increasing use as monopile foundations for off-
shore wind power generators. Guidance for engineers designing offshore piling has
been available for many years in the regularly updated recommendations of API in
RP2A WSD*15), (Note ISO 19902 has superseded the load and resistance factor design
[LRFD] version of API RP2A.) Their recommendations for the shaft friction of piles
in clay generally followed the ac, relationship of Semple and Rigden*-%). Equation 4.13
was used for piles in sands with the Brinch Hansen factors of N, for calculating base
capacity. Chow*4% found that the API recommendations for piles in sand were over-
conservative for short piles with L/B ratios up to 30 and for dense sands with relative
densities of 60% or more.

Research work undertaken at Imperial College, London, on the axial capacity of steel
tube piles has been referred to briefly in the preceding sections. The initial work has been
extended with analysis of further test data and has been published in book form by Jardine
et al.*4), The design procedures which have evolved have become known as the ICP method,
and while the following comments cover some of the salient points of research behind the
method, the reader is referred to the full ICP text for the applications. The reliability of
the method depends on continuous CPT/CPTU in situ testing and, for clays, good-quality
undisturbed samples using piston samplers and thin-walled tubes followed by sophisticated
laboratory testing using oedometer and shear ring apparatus. It is intended that the method
be used to predict pile capacities that may be mobilised during slow ML tests conducted
10 days after driving.

The ICP method for piles driven into clays is based on effective stresses and takes into
account the effects on the interface shaft resistance of the radial displacement of the clay
and the gross displacement of the clay beneath the base. To determine shaft resistance, the
ICP method calculates the local shear stress at failure on the interface after equalisation of
pore pressure changes brought about by the pile driving. The calculations are made for a
succession of layers over the embedded length of the shaft. They are then integrated to give
the total shaft resistance from the following equation:

O, =7nD |tpdZ (4.17)
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The peak local interface shear stress 7;is obtained from the following equation:

. (Kfjdc an 5, (4.18)
K

(4

where
K is the coefficient of radial effective stress for shaft at failure = o7,/07,
K, is the coefficient of earth pressure at rest = o,./o,
o, is the equalised radial effective stress = Ko,
8¢is the operational interface angle of frictional failure
K, is obtained from the equation

-0.20
K.=[22+0.016YSR —0.870 Al,, | YSR"* U;j (4.19)

where
1, is the relative void index at yield = log,,S,
YSR is the yield stress ratio or apparent over-consolidation ratio
S, is the clay sensitivity
b is the height of soil layer above pile toe
R is the pile radius
KJ/K,=0.8

An alternative to Equation 4.19 which is marginally less conservative is
h -0.20
K =[2-0.625 AI,]YSR** (Rj (4.20)

where
I,, is the relative void index
YSR, Al,, and A, are obtained either from oedometer tests in the laboratory on good-
quality undisturbed samples or from a relationship with consolidated anisotropic
undrained triaxial compression tests or by estimation from CPT or field vane tests

The clay sensitivity is determined by dividing the peak intact unconsolidated undrained
shear strength by its remoulded undrained shear strength.

The operational interface angle of friction at failure &; lies between the peak effective shear
stress angle and its ultimate or long-strain value. The actual value used in Equation 4.18 depends
on the soil type, prior shearing history and the clay-to-steel interface properties. It is influenced
by local slip at the interface when the blow of the hammer drives the pile downwards and at
rebound when the hammer is raised at the end of the stroke. A further influence is progressive
failure when the interface shear stress near the ground surface is at the ultimate state, but near
the toe, the relative pile—soil movement may be insufficient to reach the peak stress value.

The conditions at the interface can be simulated by determining &;in a ring shear appa-
ratus where the remoulded clay is sheared against an annular ring fabricated from the same
material and having the same roughness as the surface of the pile. Details of the apparatus
and the testing technique are given in the IC publication.

For calculating the shaft capacity of open-end piles in clay, an equivalent radius R* is
substituted for R in the A/R term where

R = (R = R ) (4.21)

and h/R* is not less than 8.
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Dealing with the base resistance of closed-end piles in clay, the ICP method does not accept
the widely used practice of calculating the ultimate resistance from Q, = N_.¢,A, where the bear-
ing capacity factor N, is assumed to be equal to 9. The database of instrumented pile tests used
in the IC research showed a wide variation in N, which was found to be higher than 9 in all
the tests analysed. However, the results did demonstrate a close correlation with the results of
static cone penetration tests and led to a recommendation to adopt the following relationships:

q» = 0.84. for undrained loading (4.22)

and

qy» = 1.3q. for drained loading (4.23)

The cone resistance g, is obtained from CPT’s by averaging the readings over a distance
of 1.5 pile diameters above and below the toe.

For open-end piles, plugging of the pile toe with clay is defined as the stage when the plug
is carried down by the pile during driving. This is deemed to occur when [D,,,.,/Dcpr +
0.45q,)/P, is less than 36. The cone diameter D¢py is 0.038 m and the normalised atmo-
spheric pressure P, is 100 kN/m?2.

Fully plugged piles as defined above develop half the base resistance calculated by
Equations 4.22 and 4.23 for undrained and drained loadings respectively, after a pile head
displacement of D/10.

The base resistance of an unplugged open-end pile is calculated on the annular area of steel
only. The IC proposed 1.6 increase in the value of Q, for drained loading when g, is taken as the
average ¢, at founding depth would seem to be optimistic when compared with Equation 4.23.

Jardine et al.#4) recommend safety factors of 1.3-1.6 for the shaft resistance in compres-
sion for offshore foundations where uniform settlement of the structure is not critical and
the design is based on allowable stress methods.

The ICP method of design for tubular piles in sands is a simple one based on CPTs. No
other field work or special laboratory testing is required where correlations are available,
such as the Chow*4% data for the shear modulus. The method is wholly empirical based on
small-diameter un-instrumented loading tests and experience. It is justified by the assump-
tion that the penetration of the sleeved cone simulates the displacement of the soil by a
closed-end or fully plugged pile.

The expression for the shaft resistance is calculated by the following sequence of equations:

Unit shaft resistance = 7 = o7 tan &, (4.24)
Radial effective stress at point of shaft failure = o7, = o). + Ao}y (4.25)
) \O3 038
Equalised radial effective stress = ;. = 0.029¢. (?"J [Rj (4.26)
2G8;

Distant increase in local radial effective stress = Ao,y = (4.27)

R

where
;= b,, is the interface angle of friction at failure
R is the pile radius
G is the operational shear modulus
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Figure 4.21 Relationship between interface friction angle and mean particle size of a silica sand. (Based on
Jardine, R. et al., ICP Design Methods for Driven Piles in Sands and Clays, Thomas Telford, London,
UK, 2005))

In Equation 4.24, §;can be obtained either by constant-volume shear box tests in the labo-
ratory or by relating it to the pile roughness and particle size of the sand (Figure 4.21). The
equalised radial stress in Equation 4.26 implies that the elevated pore pressures around the
shaft caused by pile driving have dissipated. The term P, is the atmospheric pressure which
is taken as 100 kN/m?2. Because of the difficulty in calculating or measuring the high radial
stresses near the pile toe, h/R is limited to 8.

The shear modulus G in Equation 4.27 can be measured in the field using a pressuremeter
(Section 11.1.4) or a seismic cone penetrometer or obtained by correlation with CPT data
using the relationship established by Chow*40);

G=q.(A+Bn-C" (4.28)

and

N =qcP.oy, (4.29)

The term &;in Equation 4.27 is twice the average roughness R, of the pile surface which
is the average height of the peaks and troughs above and below the centre line. For lightly
rusted steel, A7 is 0.02 mm. Ao, is inversely proportional to the pile radius and tends to zero
for large-diameter piles.

In Equation 4.28,

A =0.0203
B =0.00125

C=1.216 x 10-¢
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Piles driven with open ends develop a lower shaft resistance than closed-end piles because
of their smaller volume displacement when a solid plug is not carried down during driv-
ing. The open unplugged end is allowed for by adopting an equivalent pile radius R*
(see Equation 4.21). Equation 4.26 becomes

o B, 0
G£c=0-0296]c(;0j (R) (4.30)

To use the ICP method, the embedded shaft length is divided into a number of short
sections of thickness » depending on the layering of the soil and the variation with depth
of the CPT readings. A mean line is drawn through the plotted g, values over the depths
of the identified soil layers. A line somewhat higher than the mean is drawn when the
ICP method is used to estimate pile driveability when the shaft resistance must not be
underestimated.

From a database of pile tests in calcareous sands, Jardine et al.*4) stated that the ICP
method was viable in these materials and recommended that the submerged density should
be taken as 7.5 kN/m? for calculating o, and the interface angle 6;as 25°. The third term
in Equation 4.25 is omitted (o;; = 6,.) and Equation 4.26 for open-end piles is modified to
become o). = 72(c,/P,)"**(h/R")**. For closed-end piles, R is substituted for R*.

The ICP method uses CPT data to calculate the base resistance. For closed-end piles, the
equation is

qb=q{1—0-5 log[ b H (4.31)
DCPT

where
g, is the cone resistance averaged over 1.5 pile diameters above and below the toe
D is the pile diameter
Dpr is the cone diameter

The equation is valid provided that the variations in ¢, are not extreme and the depth
intervals between peaks and troughs of the g, values are not greater than D/2. If these condi-
tions are not met, a g, value below the mean should be adopted. A lower limit for g, of 0.3¢,
is suggested for piles having diameters greater than 0.9 m.

A rigid basal plug within an open-end pile is assumed to develop if the inner diameter in
metres is less than 0.02 (D, - 30) where the relative density D, is expressed as a percentage.
Also D,,,,,/Dcpr should be less than 0.083g./P, and the absolute atmospheric pressure P, is
taken as 100 kN/m?2.

If the preceding criteria are satisfied, the fully plugged pile is stated to develop a base
resistance of 50% of that of a closed-end pile after the head has settled by one-tenth of the
diameter. A lower limit of g, is that it should not be less than that of the unplugged pile and
should not be less than 0.15¢. for piles having diameters greater than 0.9 m.

The base resistance of unplugged piles is taken as 0.5g, multiplied by the net cross-
sectional area of the pile at the toe, where g, is the cone resistance at toe level. No con-
tribution is allowed from the inner wall shaft friction. For a solid-end pile, g, at the toe is
determined from Equation 4.31.

IC assessed the reliability of their method for piles in sands by comparing the predications
of shaft capacity with those of the 1993 version of the API method. The ultimate resistance
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Figure 4.22 Comparison of measured and calculated interface shear stress on the shaft of a steel tube pile
driven into sand.

calculated by the ICP method compared well with measured results, but using the same crite-
ria, the API calculations indicated that they over-predict soil resistance for large-diameter piles.

The ICP method was used to compare the calculated distribution of interface shear stress
at failure with stresses measured over the shaft depth of a well-instrumented 762 mm out-
side diameter (OD) pile driven with an open end to a depth of 44 m into medium-fine
silty micaceous sand in Bangladesh. The test was made as part of the trial piling for the
foundations of the Jamuna River Bridge at Sirajganj*424#) as described in Section 9.6.2.
The observed and calculated distributions of stress are compared in Figure 4.22. It will be
noted that the ICP method considerably overestimated the short-term measured stresses but
appear to correspond with the marked increases in bearing capacity with time as noted in
Section 4.3.8. A study of the shaft friction measurements made on two 762 mm trial piles
showed that the distribution of interface shear stress could be represented by the relation-
ship 7, = 0.009(h/d)=3q;in compression and 0.003(h/d)-"*g_ in tension.

A simplified ICP method has been included in the API RP2 GEO/ISO-19901 commentary
of 2011%44 and is one of four CPT-based methods considered for the axial capacity of piles
in sand. Knudsen et al.*#) used parametric studies and pile test data to compare the stan-
dard API*!S recommended practice with the four new alternatives and found that all the
CPT methods should be used with caution for piles larger than 1000 mm.

White and Bolton*4¢) reanalysed the IC database for closed-end piles on the basis that
instead of the criterion of failure being the load causing a settlement of 10% of the diameter,
they assumed that plunging settlement occurred, that is beyond point D in Figure 4.1. They
also made allowance for only partial embedment of some piles into the bearing stratum
and the presence in some piles of a weaker layer below base level. They found a mean of
q, = 0.9q, with no trend towards a reduction of g, with increase in pile diameter. They sug-
gested that a reduction factor to obtain the ultimate bearing capacity of a closed-end pile in
sand should be linked to partial embedment and partial mobilisation rather than to absolute
diameter. This suggestion would appear to be part of the methodology of research based
on analysis of test pile failures rather than criteria to be adopted at the design stage of piled
foundations.
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It was generally assumed in past years that no allowance should be made for significant
changes in the bearing capacity of piles driven into coarse soils with time after installation.
Neither increases nor decreases in capacity were considered although the set-up or tempo-
rary increase in driving resistance about 24 h after driving was well known. The long-term
effects had not been given serious study. However, the research work at Imperial College
described earlier did include some long-term tension tests on piles at Dunkirk reported
by Jardine and Standing“#”). Six 465 mm OD x 19 m long and one 465 mm OD x 10 m
long steel tube piles were tested in tension at ages between 10 days and about 6 months.
A progressive increase in resistance of about 150% was recorded. All the tests were “first
time’, that is, none of the piles were tested a second time. The increased tension capacity
at Dunkirk was attributed mainly to relaxation through creep of circumferential arching
around the pile shaft leading to increase in radial effective stress.

The 762 mm OD x 44 m long test pile at the Jamuna Bridge site was referred to above*#2),
There was an increase in tension capacity of about 270% on retest after the initial test made
a few days after driving into medium-dense silty micaceous sand. Precast concrete piles on
the same site showed a progressive increase of about 200% in compression at various ages
up to 80 days after driving. The ultimate resistances were estimated from dynamic tests and
graphical analysis of loading tests not taken to failure.

The procedure for calculating pile resistances driven into sand using CPT results as
described in Section 4.3.6 and above is wholly empirical. EC7 currently treats CPT methods
of calculating resistances the same as for other ground tests and requires that the method
adopted should have been established from pile loading tests, as required when using soil
strength parameters. EC7 offers no comments on the various procedures using CPT results,
but it is assumed that the model pile method would apply for base and shaft resistances
determined from each CPT profile. Jardine et al.“*!) do not offer any recommendations for
applying EC7 procedures to their design methods. Merritt et al.*#% describe the design of
piled tripod foundations for the Borkum West II offshore wind farm in the German North
Sea based on German Eurocode factors with the ICP procedures. They point out that the
high-quality ground investigation was the key to the reliable application of the method.

(BS EN) ISO 19902:2007, which has replaced the LRFD version of API RP2A, deals with the
design of offshore platforms. Clause 17 covers the detailed design of piles, giving equations for the
adhesion factor a in fine-grained soils and  and N, factors for coarse-grained soils, summarised
in Table 17.4.1. It places limits of 3 MN/m? for end bearing in medium-dense sand and silt and
12 MN/m? in very dense sand; the equivalent limits for shaft friction are 67 and 115 kN/m?,
unless other values are justified by performance data. In cohesive soils, unit end bearing ‘shall be
computed using g = 9 ¢, Software from Ensoft Inc., APILE Plus5 Offshore, (see Appendix C)
features both the ICP and the API methods to compute the axial capacity of driven piles.

4.3.8 Time effects for piles in coarse-grained soils

Notwithstanding the comments in the previous section on increases in tension resistance,
the engineer should be aware of a possible reduction in capacity where piles are driven into
fine sands and silts. Peck et al.*?* stated that ‘If the fine sand or silt is dense, it may be
highly resistant to penetration of piles because of the tendency for dilatancy and the devel-
opment of negative pore pressures during the shearing displacements associated with inser-
tion of the piles. Analysis of the driving records by means of the wave equation may indicate
high dynamic capacity but instead of freeze, large relaxations may occur’.

An example of this phenomenon was provided by the experiences of driving large-diameter
tubular steel piles into dense sandy clayey silts for the foundations of the new Galata Bridge
in Istanbul“#”). The relaxation in capacity of the 2 m OD piles in terms of blows per 250 mm
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Figure 4.23 Driving resistance over final 4.5 m of penetration for 2.0 m tubular steel pile showing reduction
in driving resistance after various delay periods, New Galata Bridge, Istanbul.

penetration is shown in Figure 4.23. The magnitude of the reduction in driving resistance
was not related to the period of time between cessation and resumption of driving. It is
likely that most of the reduction occurred within a period of 24 h after completing a stage of
driving. The widely varying time periods shown in Figure 4.23 were due to the operational
movements of the piling barge from one pile location or group to another.

Correlation of blow count figures with tests made with the dynamic pile analyser
(Section 7.3) showed a markedly smaller reduction in dynamic soil resistance than indicated
by the reduction in blow count after the delay period.

These experiences emphasise the need to make re-driving tests after a minimum period of
24 h has elapsed after completing the initial drive. Loading tests should not be made on piles
in sands until at least 7 days after driving. Where piles are driven into laminated fine sands,
silts and clays, special preliminary trial piling should be undertaken to investigate time
effects on driving resistance. These trials should include tests with the pile driving analyser.

4.4 PILES IN SOILS INTERMEDIATE BETWEEN SANDS AND CLAYS

Where piles are installed in sandy clays or clayey sands which are sufficiently permeable to
allow dissipation of excess pore pressure caused by application of load to the pile, the base
and shaft resistance can be calculated for the case of drained loading using Equations 4.13
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and 4.14. The angle of shearing resistance used for obtaining the bearing capacity factor
N, should be the effective angle ¢" obtained from unconsolidated drained triaxial com-
pression tests. In a uniform soil deposit, Equation 4.13 gives a linear relationship for the
increase of base resistance with depth. Therefore, the base resistance should not exceed the
peak value of 11 MN/m? unless pile loading tests show that higher ultimate values can be
obtained. The effective overburden pressure, o/, in Equations 4.13 and 4.14 is the total
overburden pressure minus the pore-water pressure at the pile toe level. It is important to
distinguish between uniform c-¢ soils and layered ¢ and ¢ soils, as sometimes the layering
is not detected in a poorly executed soil investigation.

4.5 PILES IN LAYERED FINE- AND COARSE-GRAINED SOILS

It will be appreciated from Sections 4.2 and 4.3 that piles in fine-grained soils have a
relatively high shaft friction and a low end-bearing resistance and in coarse soils, the
reverse is the case. Therefore, when piles are installed in layered soils, the location of
the pile toe is of great importance. The first essential is to obtain a reliable picture of the
depth and lateral extent of the soil layers. This can be done by making in situ tests with
static or dynamic cone test equipment (see Section 11.1.4), correlated by an adequate
number of boreholes. If it is desired to utilise the potentially high end-bearing resistance
provided by a dense sand or gravel layer, the variation in thickness of the layer should be
determined, and its continuity across the site should be reliably established. The bearing
stratum should not be in the form of isolated lenses or pockets of varying thickness and
lateral extent.

Where driven or driven and cast-in-place piles are to be installed, problems can arise
when piles are driven to an arbitrary set to a level close to the base of the bearing stratum,
with the consequent risk of a breakthrough to the underlying weaker clay layer when the
piles are subjected to their applied load (Figure 4.24a). In this respect, the driven and cast-
in-place pile with an enlarged base is advantageous, as the bulb can be hammered out
close to the top of the bearing stratum (Figure 4.24b). Alternatively, the enlarged base in
Figure 4.24b could be achieved using the vibratory concrete column process (Section 2.3.7)
for lightly loaded situations. The end-bearing resistance can be calculated conservatively
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.+ Densesand -, .7 .7

/. / 7
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Figure 4.24 Pile driven to end bearing into relatively thin dense soil layer. (a) Driven pile. (b) Driven and
cast-in-place pile.
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on the assumption that the pile always terminates within or just above the clay layer, that is
by basing the resistance on that provided by the latter layer. This is the only possible solu-
tion for sites where the soils are thinly bedded, and there is no marked change in driving
resistance through the various layers. However, this solution can be uneconomical for sites
where a dense sand layer has been adequately explored to establish its thickness and conti-
nuity. A method of calculating the base resistance of a pile located in a thick stiff or dense
layer underlain by a weak stratum has been established by Meyerhof*59, In Figure 4.235,
guidance for the unit base resistance of the pile is conservatively given by the following
equation:

91— 49
q _—q0+7H<q 4.32
b 10B ! ( )

where
q, is the ultimate base resistance in the lower weak layer
g, is the ultimate base resistance in the upper stiff or dense stratum
H is the distance from the pile toe to the base of the upper layer (H should be >1 m)
B is the width of the pile at the toe

When applying the effective stress f# method to calculate shaft resistance as Equation 4.12,
S should be between 0.05 and 0.1 for driven piles and between 0.5 and 0.8 for bored piles
with an upper limit of 100 kN/m?.

Figure 4.26 shows the record of pile driving at British Coal’s bulk-handling plant at
Immingham, where a layer of fairly dense sandy gravel was shown to exist at a depth of
about 14.6 m below ground level. The thickness of the gravel varied between 0.75 and
1.5 m, and it lay between thick deposits of firm to stiff boulder clay. The end-bearing
resistance in the gravel of the 508 mm diameter driven and cast-in-place piles was more
than 3000 kN as derived from loading tests to obtain separate evaluations of shaft fric-
tion and base resistance. It was calculated that if the toe of the pile reached a level at
which it was nearly breaking through to the underlying clay, the end-bearing resistance
would then fall to 1000 kN. This proved inadequate and further driving was necessary
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Figure 4.26 Resistance to driven and cast-in-place piles provided by a thin layer of dense sand and gravel at
Immingham.

to mobilise additional shaft friction. The following rules were adopted to ensure that the
required pile resistance was achieved:

1. When the driving resistance in the gravel increased rapidly from 20 mm per blow to
5 mm per blow for a complete 300 mm of driving, it was judged that the pile was
properly seated in the gravel stratum.

2. The pile was then required to be driven a further 75 mm without any reduction in the
driving resistance.

3. If the resistance was not maintained at 5 mm per blow, it was judged that the gravel
layer was thin at that point and the pile was liable to break through to the clay.
Therefore, the pile had to be driven further to a total penetration of 20 m, which was
about 3—-4 m below the base of the gravel, to obtain the required additional frictional
resistance.

The effects of driving piles in groups onto a resistant layer underlain by a weaker com-
pressible layer must be considered in relation to the settlement of the group. This aspect is
discussed in Chapter 5.

4.6 SETTLEMENT OF THE SINGLE PILE
AT THE APPLIED LOAD FOR PILES IN SOIL

The uncertainties in the calculation of pile capacities using allowable stress design noted
in Section 4.1.3 have been traditionally covered by the application of a global safety factor
to the ultimate resistances. If the safety factor was greater than 2.5, then from the load/
settlement curves obtained from a large number of loading tests in a variety of soil types,
both on displacement and non-displacement piles, the settlement under the applied load will
not exceed 10 mm for piles of small to medium diameter (up to 600 mm). This is reassuring
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and avoids the necessity of attempting to calculate settlements on individual piles that are
based on the compressibility of the soils. A settlement at the applied load not exceeding
10 mm is satisfactory for most building and civil engineering structures provided that the
group settlement is not excessive.

EC?7 is silent on the assessment of settlement as such but requires that SLSs be determined
by calculating the design values of the effects of actions E; and comparing them with C,,
the ‘limiting design value of the effect of an action’. Clause 7.6.4.1 states that where piles
are bearing on medium-dense to dense soils, the safety requirements for ULS design are
normally sufficient to prevent an SLS in the supported structure. Thus, the combination of
EC7 ULS partial factors (e.g. yg x yra % 7, Or 7,) will produce an equivalent global factor of
safety between 2 and 3 for single piles (depending on which DA1 combination is used and
the variable action applied) and is therefore satisfactory for limiting settlement to 10 mm.
As noted in Table 4.5, the lower R4 set of partial factors can be used for ULS calculations
under certain conditions — ‘if settlement is predicted by means no less reliable than load
tests...”. However, such reductions (especially if combined with a lower model factor) would
not give the same degree of confidence against settlement without further verification from
load tests in a range of soils.

For piles larger than 600 mm in diameter, the problem of the settlement of the individ-
ual pile under the applied load becomes increasingly severe with the increase in diameter,
requiring a separate evaluation of the shaft friction and base load. The load/settlement
relationships for the two components of shaft friction and base resistance and for the total
resistance of a large-diameter pile in a stiff clay are shown in Figure 4.27. The maximum
shaft resistance is mobilised at a settlement of only 10 mm, but the base resistance requires
a settlement of nearly 150 mm for it to become fully mobilised. At this stage, the pile has
reached the point of ultimate resistance at a failure load of 4.2 MN. A global safety factor of
2 on this condition gives an applied load of 2.1 MN, under which the settlement of the pile
will be nearly 5§ mm. This is well within the settlement which can be tolerated by ordinary
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Figure 4.27 Load/settlement relationships for large-diameter bored piles in stiff clay.
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building structures. The full shaft resistance will have been mobilised at the applied load,
but only 22% of the ultimate base resistance will have been brought into play. This complies
with EC7 Clause 2.4.8(4) alternative method for verifying SLS in that a ‘sufficiently low
fraction of ground resistance is mobilised to keep deformations within the required service-
ability limits’ (without defining ‘sufficiently low’). For economy in pile design, the settlement
at the applied load should approach the limit which is acceptable to the structural designer,
and this usually involves mobilising the full shaft resistance.

The Oasys PILE program (see Appendix C) applies EC7 rules to traditional empirical
methods to determine the capacity of a single axially loaded pile. Settlement analysis in this
program is based on the Mattes and Poulos elastic model influence factors as reported by
Poulos and Davis*-31.

Burland et al.* presented a simple stability criterion for bored piles in clay using global
safety factors to produce the expressions (%Qp) and (QS + %Qb), where the pile has an over-

all factor of 2; the shaft, a factor of unity; and the base, 3. The allowable load on the pile
is the lesser of the two calculations, with (% Qp) being nearly always dominant for straight-
sided piles and for long piles with comparatively small under-reams, whereas (QS +%Qb)
often controls piles with large under-reamed bases. However, satisfaction of these criteria
does not necessarily mean that the settlement at applied load will be tolerable. Full-scale
pile loading tests are necessary where experience of similar piles in similar conditions is not
available, but for large diameters, these can be expensive. Loading tests on large piles are
more helpful when designing ‘ductile piles’ (Section 5.2.1). Instrumentation can be provided
to determine the relative proportions of load carried in friction on the shaft and transmitted
to the base and hence to determine the degree of settlement needed to mobilise peak friction
(e.g. at a pile head settlement of about 10 mm in Figure 4.27) and to determine whether
or not the lower ‘long-strain’ value of shaft friction is operating when load distribution
between piles in a group takes place.

A more economical procedure is to estimate values from the results of loading tests made
on circular plates at the bottom of the pile boreholes or in trial shafts. Burland et al.*-5b
plotted the settlement of test plates divided by the plate diameter (p,/B) against the plate-
bearing pressure divided by the ultimate bearing capacity for the soil beneath the plate
(i.e. g/q;) and obtained a curve of the type shown in Figure 4.28. If the safety factor on the
end-bearing load is greater than 3, the expression for this curve is

p_Kxq (4.33)
B g

For piles in London Clay, K in Equation 4.33 has usually been found to lie between 0.01
and 0.02. If no plate bearing tests are made, the adoption of the higher value provides a
conservative estimate of settlement. When plate bearing tests are made to failure, the curve
can be plotted, and provided that the base safety factor is greater than 3, the settlement of
the pile base p, can be obtained for any desired value of B.

The procedure used to estimate the settlement of a circular pile is as follows:

1. Obtain g, from the failure load given by the plate-bearing test.

2. Check gyagainst the value obtained by multiplying the shearing strength by the appro-
priate bearing capacity factor N, that is, g;should equal N, x c,,.

3. Knowing g, calculate the end-bearing resistance Q, of the pile from Q, = A, x g,

4. Obtain the safe end-bearing load on the pile from W, = Q,/F, where F is a safety factor
greater than 3.
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Figure 4.28 Elastic settlements of bored piles in London Clay at Moorfields. (After Burland, J.B. et al., The
behaviour and design of large diameter bored piles in stiff clay, Proceedings of the Symposium on
Large Bored Piles, Institution of Civil Engineers and Reinforced Concrete Association, London,
UK, pp. 51-71, 1966.)

5. Obtain g from g = W,/ 4 7 B* and hence determine g/q;
6. From a curve of the type shown in Figure 4.28, read off p;/B for the value of q/q;and
hence obtain p; (the settlement of the pile base).

Merely increasing the size of the base by providing an under-ream will not reduce the
base settlement, and if the settlement is excessive, it should be reduced by one or more of
the following measures:

1. Reduce the applied load on the pile.

2. Reduce the load on the base by increasing the shaft resistance, that is by increasing the
shaft diameter.

3. Increase the length of the shaft to mobilise greater shaft friction and to take the base
down to deeper and less-compressible soil.

Having estimated the settlement of the individual pile using the above-mentioned pro-
cedure, it is still necessary to consider the settlement of the pile group as a whole (see
Chapter 35).

From their analyses of a large number of load/settlement curves, Weltman and Healy*$)
established a simple relationship for the settlement of straight-shaft bored and cast-in-place
piles in glacial till. The relationship given below assumed a pile diameter not greater than
600 mm, an assumed stress on the pile shaft of about 3 MN/m? in compression, a length-to-
diameter ratio of 10 or more, and stiff to hard glacial till with undrained shear strengths in
excess of 100 kN/m?2. The pile head settlement is given by

p:% in mm (4.34)

where [, is the length of embedment in glacial till in metres.
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This is somewhat counter-intuitive showing that longer piles settle more and is essentially
the result of the elastic compression stress allowed for by Weltman and Healy and the fact
that longer piles will be more heavily loaded. Precast concrete piles and some types of cast-
in-place piles are designed to carry applied loads with concrete stress much higher than
3 MN/m?2. In such cases, the settlement should be calculated from Equation 4.34 assuming
a stress of 3 MN/m?2. The settlement should then be increased pro rata to the actual stress
in the concrete.

The above-mentioned methods of Burland et al. and Weltman and Healy were devel-
oped specifically for piling in London Clay and glacial till respectively, and were based on
the results of field loading tests made at a standard rate of loading as given in SPERW®-9
(Section 11.4) using the maintained loading procedure. More generally the pile settlements
can be calculated if the load carried by shaft friction and the load transferred to the base at
the applied load can be reliably estimated. The pile head settlement is then given by the sum
of the elastic shortening of the shaft (likely to be small in relation to the overall settlement)
and the compression of the soil beneath the base as follows:

2W, )L _?
_(We+2W,)L = W, Bl-v’), (4.35)
2AE, 4 4, E

where
W. and W, are the loads on the pile shaft and base, respectively
L is the shaft length
A, and A, are the cross-sectional area of the shaft and base, respectively
E, is the elastic modulus of the pile material
B is the pile width
v is the Poisson’s ratio of the soil
I, is the influence factor related to the ratio of L/R

b
E, is the deformation modulus of the soil beneath the pile base

For a Poisson’s ratio of 0-0.25 and L/B > 5, I, is taken as 0.5 when the last term approxi-
mates to 0.5 W,/(BE,). Values of E, are obtained from plate loading tests at pile base level
or from empirical relationships with the results of laboratory or in situ soil tests given in
Sections 5.2 and 5.3. The value of E, for bored piles in coarse soils should correspond to the
loose state unless the original in situ density can be maintained by drilling under bentonite
or restored by base grouting.

The first term in Equation 4.35 implies that load transfer from pile to soil increases lin-
early over the depth of the shaft. It is clear from Figure 4.22 that the increase is not linear
for a deeply penetrating pile. Section 4.9 comments on the use of computers to simulate the
load transfer for wide variations in soil stratification and in cross-sectional dimensions of a
pile: the soil-pile interaction concept. The basic programs represent an elastic continuum
model. A pile carrying an axial compression load is modelled as a system of rigid elements
connected by springs and the soil resistance by external non-linear springs (Figure 4.29).
The load at the pile head is resisted by frictional forces on each element. The resulting dis-
placement of each of these is obtained from Mindlin’s equation for the displacement due to
a point load in a semi-infinite mass. The load/deformation behaviour is represented in the
form of a t—z curve (Figure 4.29). A similar g—z curve is produced for the settlement of the
pile base.

The concept of modelling a pile as a system of rigid elements and springs for the purpose
of determining the stresses in a pile body caused by driving is described in Section 7.3.
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Figure 4.29 t-z curve for deformation of a pile under vertical axial loading.

It was noted at the beginning of this Section that the adoption of global safety factors in
conjunction with allowable stress methods of calculating pile bearing capacity can obviate
the necessity of calculating applied load/settlement of small-diameter piles. However, there
is not the same mass of experience relating settlements to the design value of actions (F,)
obtained by EC7 methods using the partial factors (y; and y,). Hence, it is advisable to
check that the design pile resistance does not endanger the SLS of the supported structure.
Equation 4.35 can be used for this check. A material factor of unity should be adopted for
the design value of E,.

An analytical expression for the calculation of the load/settlement curve which is amena-
ble to spreadsheet methods is given in Section 4.9.1. The CEMSET® program (Appendix C)
can also be used to obtain estimates of settlement.

4.7 PILES BEARING ON ROCK

4.7.1 Driven piles

For maximum economy in the cross-sectional area of a pile, it is desirable to drive the pile
to virtual refusal on a strong rock stratum, thereby developing its maximum carrying capac-
ity. Piles driven in this manner are regarded as wholly end bearing; friction on the shaft is
not considered to contribute to the support of the pile. The depth of penetration required to
reach virtual refusal depends on the thickness of any weak or heavily broken material overly-
ing sound rock. If a pile can be driven to near refusal on to a strong ‘intact’ rock, the actions
on the pile are governed by the design resistance of the pile material at the point of minimum
cross section; that is the pile is regarded as a short column supported against buckling by
the surrounding soil. Where piles are driven through water or through very soft clays and
silts of fluid consistency, then buckling as a long strut must be considered (see Section 7.5).
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When steel piles are adopted, applied loads based on the steel design resistance at ULS
may result in concentrations of very high loading on the rock beneath the toe of the pile.
The ability of the rock to sustain the applied loading without yielding depends partly on
the compressive strength of the rock and partly on the frequency and inclination of fissures
and joints in the rock mass and whether these discontinuities are tightly closed or are open
or filled with weathered material. Very high toe loads can be sustained if the rock is strong,
with closed joints either in a horizontal plane or inclined at only a shallow angle to the hori-
zontal. If the horizontal or near-horizontal joints are wide, there will be some yielding of the
rock mass below the pile toe, but the amount of movement will not necessarily be large since
the zone of rock influenced by a pile of slender cross section does not extend very deeply
below toe level. However, the temptation to continue the hard driving of slender-section
piles to ensure full refusal conditions must be avoided. This is because brittle rocks may
be split by the toe of the pile, thus considerably reducing the base resistance. The splitting
may continue as the pile is driven down, thus requiring very deep penetration to regain the
original resistance.

Where bedding planes are steeply inclined with open transverse joints, there is little
resistance to the downward sliding of a block of rock beneath the toe, and the movement
will continue until the open joints have become closed or until the rock mass becomes
crushed and locked together. This movement and crushing will take place as the pile is
driven down, as indicated by a progressive tightening-up in driving resistance. Thus, there
should be no appreciable additional settlement when the applied load is applied. However,
there may be some deterioration in the end-bearing value if the piles are driven in closely
spaced groups at varying toe levels. For this reason, it is desirable to undertake re-driving
tests whenever piles are driven to an end bearing into a heavily jointed or steeply dipping
rock formation. If the re-driving tests indicate a deterioration in resistance, then loading
tests must be made to ensure that the settlement under the applied load is not excessive. Soil
heave may also lift piles off their end bearing on a hard rock, particularly if there has been
little penetration to anchor the pile into the rock stratum. Observations of the movement
of the heads of piles driven in groups, together with re-driving tests, indicate the occur-
rence of pile lifting due to soil heave. Methods of eliminating or minimising the heave are
described in Section 5.7.

Steel tubes driven with open ends or H-section piles are helpful in achieving the penetra-
tion of layers of weak or broken rock to reach virtual refusal on a hard unweathered stra-
tum. However, the penetration of such piles causes shattering and disruption of the weak
layers to the extent that the shaft friction may be seriously reduced or virtually eliminated.
This causes a high concentration of load on the relatively small area of rock beneath the steel
cross section. While the concentration of load may be satisfactory for a strong intact rock,
it may be excessive for a strong but closely jointed rock mass. The concentration of load can
be reduced by welding stiffening rings or plates to the pile toe or, in the case of weak and
heavily broken rocks, by adopting winged piles (Figure 2.18).

The H-section pile is particularly economical for structures on land where the shaft is
wholly buried in the soil and thus not susceptible to significant loss of cross-sectional area
due to corrosion. To achieve the maximum potential bearing capacity, it is desirable to
drive the H-pile in conjunction with a pile driving analyser (Section 7.3) to determine its
ultimate resistance and hence the design load, verified if necessary by pile loading tests.
The ArcelorMittal Piling Handbook“? gives guidance on the ultimate load capacity of
H-section piles in $235, S275 and S355 steel grades alongside a table with examples of com-
pressive strength of strong and weak rocks.

The methods given below for calculating the pile bearing resistance assume that this
is the sum of the shaft and base resistance. Both of these components are based on
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correlations between pile loading tests and the results of field tests in rock formations or
laboratory tests on core specimens.

Where the joints are spaced widely, that is at 600 mm or more apart, or where the joints
are tightly closed and remain closed after pile driving, the base resistance may be calculated
from the following equation:

b = 2Nyquc (4.36)
where g, is the uniaxial compressive strength of the rock and the bearing capacity factor

N, = tan®(45°+ ¢/2) (4.37)

For (strong) sandstone, which typically has ¢ values between 40° and 45°, end bearing at
failure is stated by Pells and Turner*3) to be between 9 and 12 times q,,.. As this laboratory
assessment of g, is likely to be considerably less than the in situ strength, a reasonable char-
acteristic value in this case would be 3g,, to 4.5¢,.. The variations in N, caused by joints
in the rock mass are demonstrated by the comparisons in Table 4.10 of observations of the
ultimate base resistance of driven and bored piles terminated in weak mudstones, siltstones
and sandstones with the corresponding N, values calculated from Equation 4.37. For these
rocks, the ¢ values as recommended by Wyllie*5% are in the range of 27°-34° giving N,
values from 2.7 to 3.4.

It will be noted that the back-calculated N, values in Table 4.10 are considerably lower
than the range of 2.7-3.4 established for rocks with widely spaced and tight joints. The
reduction is most probably due to the jointing characteristics of the rock formation in which
the tests were made. A measure of the joint spacing is the rock quality designation (RQD)
determined as described in Section 11.1.4. Kulhawy and Goodman“-5545¢) showed that the
ultimate base resistance (g,,) can be related to the RQD of the rock mass as shown in
Table 4.11.

Table 4.10 Observed ultimate base resistance values of piles terminated in weak mudstones,
siltstones and sandstones

Observed bearing
Plate or pile pressure at
Description of rock Pile type diameter (mm)  failure (MN/m?) Calculated N,
Mudstone/siltstone moderately  Bored 900 5.6 0.25
weak
Mudstone, highly to Plate test 457 9.2 1.25
moderately weathered weak
Cretaceous mudstone, weak, Bored 670 6.8 3.0
weathered, clayey
Weak carbonate siltstone/ Driven 762 5.11 1.5
sandstone (coral detrital
limestone)
Calcareous sandstone weak Driven tube 200 3.0 1.2
Sandstone, weak to moderately  Driven 275 19 1.75
weak

2 From dynamic pile test.
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Table 4.11 Ultimate base resistance of piles related to
the uniaxial compression strength of the
intact rock and the RQD of the rock mass

RQD (%) Qus c ¢°
0-70 0.33q,, 0.1q, 30
70-100 0.33-0.8q,, 0.1, 30-60

Note: RQD values may be biased depending on the orientation
of the borehole in relation to the dominant discontinuities.

Where laboratory tests can be made on undisturbed samples of weak rocks to obtain the
parameters ¢ and ¢, Kulhawy and Goodman state that the ultimate bearing capacity of the
jointed rock beneath the pile toe can be obtained from the following equation:

qu» =cN.+yDN, +vy BIZ\ZV (4.38)

where
c is the undrained shearing resistance
B is the base width
D is the base depth below the rock surface
v is the effective density of the rock mass
N,, N, and N, are the bearing capacity factors related to ¢ as shown in Figure 4.30

1000

100

Bearing capacity factor

1 1 | 1 1 L
0 10 20 30 40 50 60 70

Friction angle, ¢

Figure 4.30 Wedge bearing capacity factors for foundations on rock. (Reprinted from Pells, P.J.N. and
Turner, R.M., End bearing on rock with particular reference to sandstone, Proceedings of the
International Conference on Structural Foundations on Rock, Sydney, New South Wales, Australia,
Vol. 1, pp. 181-190, 1980.)
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Equation 4.38 represents wedge failure conditions beneath a strip foundation and should
not be confused with Terzaghi’s equation for spread foundations. Because Equation 4.38 is
for strip loading, the value of cN, should be multiplied by a factor of 1.25 for a square pile
or 1.2 for a circular pile base. Also the term yBN,/2 should be corrected by the factors 0.8
or 0.7 for square or circular bases respectively. The term yBN /2 is small compared with
¢N., and is often neglected.

Where it is difficult to obtain satisfactory samples for laboratory testing to determine c or
¢, the relationship of these parameters to the uniaxial compression strength and RQD of the
rock as shown in Table 4.11 can be used. The g, values are determined from tests on core
specimens of the intact rock to obtain its point load strength (Section 11.1.4).

It is important to note that to mobilise the maximum base resistance from Equation 4.38,
the settlement of the pile toe is likely to be of the order of 20% of its diameter. The database
of test results produced by Zhang and Einstein*7 shows that the end-bearing capacity
mobilised at a toe settlement of 10% of the pile diameter can be estimated from

0.5
pbwls(qmj (4.39)
F, F,

where P, is the normalised atmospheric pressure. While this review shows the wide scatter
of sidewall resistance and the uniaxial compressive strength, they summarise the ultimate
unit shaft resistance in smooth rock sockets as 0.4g,.% and in rough sockets as 0.8¢,,%°
(cf. Equation 4.42 ).

Driving a closed-end pile into low- to medium-density chalk causes blocks of the rock to
be pushed aside. Crushed and remoulded chalk flows from beneath the toe, and the cellular
structure of the rock is broken down releasing water trapped in the cells to form a slurry.
This flows into fissures and causes an increase in pore pressure which considerably weakens
the shaft resistance, although it is possible that drainage from the fissures will eventually
relieve the excess pore pressure, thereby increasing the shaft resistance.

Very little penetration is likely to be achieved when attempting to drive large closed-end
piles into a high-density chalk formation with closed joints, but penetration is possible with
open-end or H-section plies. As a result of these effects, Equations 4.36 and 4.38 cannot be
used to calculate base resistance. From the results of a number of plate and pile loading tests,
Lord et al. in CIRIA Report 574458 recommend that the base resistance should be related to
the SPT N-values (Section 11.1.4). The report gives the relationship for driven precast piles as

Base resistance = g,, = 300 N kN/m? (4.40)

where N is the SPT resistance in blows/300 mm. A lower bound is of the order of 200 N kN/m?.

No correction should be made to the N-values for overburden pressure when using
Equation 4.40. The use of this equation is subject to the stress at the base of the pile not
exceeding 600-800 kN/m? for low- to medium-density chalk and 1000-1800 kN/m? for
medium- to high-density chalk. Report 574 gives recommendations for the allowable pile
load using different factors of safety on the ultimate shaft and bearing capacities of the pile.
Application of EC7 partial resistance factors is considered in Section 4.7.5.

Dynamic testing (Section 7.3) of preliminary or working piles is frequently used to deter-
mine end-bearing resistance on chalk. CIRIA Report 574 states that instrumented dynamic
tests using the CAPWAP® program (see Appendix C) can give a good estimate of end-bearing
resistance provided that the hammer blow displaces the toe at least 6 mm during the test.
Definitions of the density grades of chalk and their characteristics are given in Appendix A.
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Granite rocks are widely distributed in Hong Kong, where the fresh rock is blanketed by
varying thicknesses of weathered rock in the form of a porous mass of quartz particles in
a clayey matrix of decomposed feldspar and biotite. The Geotechnical Engineering Office
(GEO) of the Hong Kong government>?) recommends that piles should be driven to refusal
in a fresh to moderately decomposed or partially weathered granite having a rock content
greater than 50%. For these conditions, the load on the pile is governed by the design stress
on the material forming the pile. CAPWAP® analysis is recommended to determine pile
resistance. In the case of open or clay-filled joints, the yielding of the pile at the toe should
be calculated using the drained elastic modulus of the rock. The GEO publication gives an
E, value of 3.5-5.5 N (MN/m?), where N is the SPT value. It is pointed out that N may be
increased by compaction during pile driving.

The shaft friction developed on piles driven into weak weathered rocks cannot always be
calculated from the results of laboratory tests on rock cores. It depends on such factors as
the formation of an enlarged hole around the pile, the slurrying and degradation of rocks,
the reduction in friction due to shattering of the rock by driving adjacent piles, and the pres-
ence of groundwater. In the case of brittle coarse-grained rocks such as sandstones, igneous
rocks and some limestones, it can be assumed that pile driving shatters the rock around the
pile shaft to the texture of a loose to medium-dense sand. The characteristic shaft resistance
can then be calculated from Equation 4.14 using the appropriate values of K, and 6. Where
rocks such as mudstones and siltstones weather to a clayey consistency making it possible to
obtain undisturbed samples from boreholes, the weathered rock can be treated as a clay and
the shaft friction calculated from the methods described in Section 4.2.1.

The effects of degradation of weakly cemented carbonate soils caused by pile driving have
been discussed in Section 4.3.3. Similar effects occur in carbonate rocks such as detrital
coral limestones, resulting in very deep penetration of piles without any significant increase
in driving resistance. An example of the low driving resistance provided by weak coral lime-
stone to the penetration of closed-end tubular steel piles at a coastal site in Saudi Arabia is
shown in Figure 4.31.

Beake and Sutcliffe*69 observed ultimate unit shaft resistances of 170 and 300 kN/m?
from tension tests on 1067 and 914 mm OD tubular steel piles driven to 4.2 and 4.55 m
with open ends in weak carbonate siltstones and sandstones in the Arabian Gulf. The mean
compression strengths of the rocks were 3.2 and 4.7 MN/m?2. The above-mentioned shaft
resistances were 0.04—0.10 of the mean uniaxial compression strength of the rock.

Although a relationship was established between the base resistance and SPT N-values
of piles driven into chalk as noted earlier, no meaningful relationship could be found with
shaft resistance. The CIRIA recommendations*-*8 in Table 4.12 are the best possible esti-
mates derived from pile loading tests. An upper limiting value of unit shaft friction for high-
strength, high-density chalk is 150 kN/m?2. The CIRIA Report recommends that whenever
possible a preliminary trial pile should be tested to verify the design. It should be noted that
dissipation of excess pore pressure caused by pile driving can increase the shaft resistance
of piles in chalk. Therefore, as long a delay as possible, at least 28 days, should be allowed
between driving and load testing. Some other observed values of the shaft resistance of piles
in weak rocks are shown in Table 4.13.

4.7.2 Driven and cast-in-place piles

Driven and cast-in-place piles terminated on strong rock can be regarded as end bearing.
The actions on the pile are governed by the stress on the pile shaft at the point of minimum
cross section. Where these piles are driven into weak or weathered rocks, they should be
regarded as partly friction and partly end-bearing piles.



192 Pile design and construction practice

Driving resistance (blows/0.5 m)

100 200 300
T T

10

Piles driven into very weak
to weak coral detrital limestone
(N-value increasing from
20-60 blows/300 mm over
depth from 4 to 35 m below
ground level). 762 mm op
tubular steel piles driven
with closed ends by diesel

15

20

Depth below ground level (m)

hammer
25 (rated energy 13.5 kJ)
30
35 1 |

Figure 4.31 Low resistance to driving of tubular steel piles provided by weak coral limestone.

Table 4.12 CIRIA recommendations for the shaft resistance of displacement piles driven into chalk

Ultimate unit shaft

Chalk classification Type of pile resistance (kNIm?)
Low- to medium-density, open joints ~ Small displacement 20
Small displacement, H-sections 10
Large displacement, preformed 30
High-density, closed joints Small displacement, open-end tubular 120
Large displacement, preformed in (100) verify by load
predrilled holes testing

CIRIA Report 574458 recommends that the base resistance of driven and cast-in-place
piles in chalk should be taken as 250 N kN/m? where N is the SPT N-value. A lower bound
should be 200 N kN/m? with the recommendation to make a preliminary test pile whenever
possible. For calculating the unit shaft resistance as Equation 4.14, the effective overburden
pressure should be multiplied by a factor of 0.8 where o7, is less than 100 kN/m?2, If o7, is
greater than 100 kN/m?, the design should be confirmed by a loading test.

4.7.3 Bored and cast-in-place piles

Where these piles are installed by drilling through soft overburden onto a strong rock, the
piles can be regarded as end-bearing elements, and their capacity is determined by the design
stress on the pile shaft at the point of minimum cross section. Bored piles drilled down for
some depth into weak or weathered rocks and terminated within these rocks act partly as
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Table 4.13 Observed ultimate shaft friction values for piles driven into weak and weathered rocks

Ultimate unit shaft

Pile type Rock description friction (kN/m?) Reference

H-section Moderately strong slightly weathered slaty 28 (4.61)
mudstone

H-section Moderately strong slightly weathered slaty 1580 4.61)
mudstone

Steel tube Very weak coral detrital limestone 45 Unpublished
(carbonate sandstone/siltstone)

Steel tube Faintly to moderately weathered 127 Unpublished
moderately strong to strong mudstone

Steel tube Weak calcareous sandstone 45 Unpublished

Precast concrete  Very weak closely fissured argillaceous 130 (4.62)

siltstone (Mercia Mudstone)

2 Penetration 1.25 m.
b Penetration 2.2 m.

friction and partly as end-bearing piles. The shaft resistance in the overburden is usually
neglected. Wyllie*5# gives a detailed account of the factors governing the development of
shaft friction over the depth of the rock socket (also known as drilled piers). The factors
which govern the bearing capacity and settlement of the pile are summarised as the following:

1. The length-to-diameter ratio of the socket

2. The strength and elastic modulus of the rock around and beneath the socket

3. The condition of the sidewalls, that is roughness and the presence of drill cuttings or
bentonite slurry

4. Condition of the base of the drilled hole with respect to removal of drill cuttings and
other loose debris

5. Layering of the rock with seams of differing strength and moduli

. Settlement of the pile in relation to the elastic limit of the sidewall strength

7. Creep of the material at the rock—concrete interface resulting in increasing settlement
with time

(o)

The effect of the length/diameter ratio of the socket is shown in Figure 4.32 for the condi-
tion of the rock having a higher elastic modulus than the concrete*¢3. It will be seen that if
it is desired to utilise base resistance as well as socket friction, the socket length should be
less than four pile diameters (For example, in a 1m diameter socket 1m deep, 55% of the
applied load will be carried on the base). The high interface stress over the upper part of the
socket will be noted.

The condition of the sidewalls is an important factor. In a weak rock such as chalk, clayey
shale, or clayey weathered marl, the action of the drilling tools is to cause softening and
slurrying of the walls of the borehole, and in the most adverse case, the shaft friction corre-
sponds to that typical of a smooth borehole in a soft clay. In stronger and fragmented rocks,
the slurrying does not take place to the same extent, and there is a tendency towards the
enlargement of the drill hole, resulting in better keying of the concrete to the rock. If the pile
borehole is drilled through soft clay, this soil may be carried down by the drilling tools to fill
the cavities and smear the sides of the rock socket. This behaviour can be avoided to some
extent by inserting a casing and sealing it into the rockhead before continuing the drilling to
form the rock socket, but the interior of the casing is likely to be heavily smeared with clay
which will be carried down by the drilling tools into the rock socket. Wyllie*-5% suggests
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Figure 4.32 Distribution of sidewall shear stress in relation to socket length and modulus ratio. (After
Osterberg, J.O. and Gill, S.A., Load transfer mechanisms for piers socketed in hard soils or
rock, Proceedings of the Ninth Canadian Symposium on Rock Mechanics, Montreal, Quebec,
Canada, pp. 235-262, 1973.)

that if bentonite is used as a drilling fluid, the rock socket shaft friction should be reduced
to 25% of that of a clean socket unless tests can be made to verify the actual friction which
is developed.

It is evident that the keying of the shaft concrete to the rock and hence the strength of
the concrete to rock bond is dependent on the strength of the rock. Correlations between
the uniaxial compression strength of the rock and rock socket bond stress have been
established by Williams and Pells¢4, Horvath*65) and Rosenberg and Journeaux*66),
The bond stress, f., is related to the average uniaxial compression strength, g,., by the
following equation:

fs = aBqu. (4.41)

where
a is the reduction factor relating to g,. as shown in Figure 4.33

B is the correction factor related to the discontinuity spacing in the rock mass as shown
in Figure 4.34

The curve of Williams and Pells¢* in Figure 4.33 is higher than the other two, but the
B factor is unity in all cases for the Horvath and the Rosenberg and Journeaux curves.
It should also be noted that the factors for all three curves do not allow for smearing of the
rock socket caused by clay overburden dragged into the socket or degradation of the rock.
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Figure 4.34 Reduction factors for discontinuities in rock mass. (After Williams, A.F. and Pells, PJ.N., Can.
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196 Pile design and construction practice

25
\
20
"\
— \
E 15 ‘\
& \— Upper limit
\
o
o \
10 AN
£ \
2 N\ N
& \ ™~
.
5 \L e e
*\\\ Lower limit Strong rocks
\\ \
= \~~_.-_
0
0 0.2 0.4 0.6 0.8 1.0

Mass factor j

Figure 4.35 Mass factor value. (After Hobbs, N.B., Review paper — Rocks, Proceedings of the Conference on
Settlement of Structures, British Geotechnical Society, Pentech Press, pp. 579-610, 1975.)

The f factor is related to the mass factor, j, which is the ratio of the elastic modulus of the
rock mass to that of the intact rock as shown in Figure 4.35. If the mass factor is not known
from loading tests or seismic velocity measurements, it can be obtained approximately from
the relationships with the RQD or the discontinuity spacing quoted by Hobbs*¢7) as follows:

RQD (%)  Fracture frequency per metre ~ Mass factor |

0-25 >|5 0.2
25-50 15-8 0.2
50-75 8-5 0.2-0.5
75-90 5-1 0.5-0.8

90-100 | 0.8-1

As a result of later research, Horvath et al.*¢8) derived the following equation for calculat-
ing the socket shaft friction of large-diameter piles in mudstones and shales:

Unit shaft friction =f, = b\/o},.., (4.42)

where
O a0 18 the uniaxial compression strength of the weaker material (concrete or rock)
f. and o, are expressed in MN/m?
b is given as 0.2-0.3

Alrifai¢” provides comparisons of the various methods of calculating shaft friction for
rock sockets in carbonate sandstone in Dubai and concludes that, in these conditions, unit
shaft friction based on the Horvath et al. Equation 4.42 is the closest to the observed ulti-
mate pile capacity.



Calculating the resistance of piles to compressive loads 197

The shaft friction can be increased in weak or friable rocks by grooving the socket. Horvath
et al.*68) described experiments in mudstones using a toothed attachment to a rotary auger.
They showed that f, was related to the depth of the groove by the following equation:

fo_ 0.8(RF)** (4.43)

where
O 1w 18 the rock strength defined previously
RF is a roughness factor given as

RF =2 x (4.44)

where
A, is the average height of asperities
7, is the nominal socket radius
L, is the total travel distance along the grooved profile
L, is the nominal socket depth

A, is further defined as the radial distance from a socket profile to the surface of an imagi-
nary cylinder which would fit into the grooved socket. There may be practical difficulties
in measuring the depth of the groove achieved by the rotary tool, particularly where direct
visual or underwater television methods of inspection are used in muddy water.

Chandler and Forster in CIRIA Report 570479 recommend that the shaft friction of
bored piles in very weak mudstones can be calculated in the same way as piles in stiff clay
using either effective stress methods (Equations 4.9 and 4.12) or undrained shear strengths
(Equation 4.10). However, the report points out the difficulty in obtaining satisfactory sam-
ples in weak weathered mudstones with the result that the ¢, values are likely to be low and
hence the calculated shaft friction will be over-conservative. When effective stress methods
are used, ¢’ should be taken as zero to allow for softening, and a remoulded value of ¢’ of
36° should be assumed. Laboratory tests gave K, values of 1.5-1.6. Report 570 provides
values for the adhesion factor a in Equation 4.10 and g in effective stress Equation 4.12 for
the weathering grades of mudstone at various sites shown in Table 4.14.

When installing CFA piles in Mercia Mudstone, care must be taken to avoid ‘overflight-
ing’ (see Sections 2.4.2 and 3.4.7) resulting in remoulding of the sides of the pile shaft.

Table 4.14 « and f values of weak mudstones related
to weathering grades

Grade a p
IV=IIl various sites 0.45 —
IVl Leicester 0.45 0.5

Il Kilroot 0.3 1.71
V=l Antrim 0.3 0.86

Il Berkeley 0.31-0.44 0.86—1.06
IV=II Derby 0.45 —

IV-II Cardiff 0.375 —
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The remoulded layer of clay-enriched material can exceed 50 mm and will significantly affect
the @ and f design parameters. Variations in the measurement of ¢, in Mercia Mudstone are
not uncommon and can result in conservative estimates for shaft friction.

The end-bearing resistance of bored piles in weak rocks depends to a great extent on
drilling techniques. The use of percussive drilling tools can result in the formation of a very
soft sludge at the bottom of the drill hole which, apart from weakening the base resistance,
makes it difficult to identify the true character of the rock at the design founding level. The
use of powerful mechanical augers of the type described in Section 3.3 has eliminated most
of the rock identification problems associated with percussion drilling. While SPTs or CPTs
can be used to assess rock quality at base level, the examination and testing of cores taken
from boreholes at the site investigation stage is preferable, with later correlation by exam-
ining drill cuttings from the pile boreholes. This is particularly necessary in thinly bedded
strata where weak rocks are interbedded with stronger layers. In such cases, the end-bearing
resistance should be governed by the strength of the weak layers, irrespective of the strength
of the material on which the pile is terminated.

In the case of sandstones which have been completely weathered to a soil-like consistency,
base resistance can be obtained from SPTs and CPTs with calculations from the test results
as described for bored piles in coarse-grained soils in Section 4.3.6.

Rotary coring and skilled drilling techniques can provide good-quality undisturbed sam-
ples in completely weathered mudstones, siltstones and shales. Shear strength tests can then
be made and base resistance calculated as described in Section 4.2.3. In the case of moder-
ately weathered mudstones, siltstones and shales, uniaxial compression tests are made on
rock cores, or in the case of poor core recovery, point load tests (Section 11.1.4) are made to
obtain the compression strength. The base resistance is then calculated using the relation-
ship with g,. and RQD as shown in Table 4.11. Alternatively, the parameters ¢ and ¢ can be
obtained from this table and used in conjunction with Equation 4.38.

In the absence of compression strength data, published relationships between the weath-
ering grade, undrained shear strength and elastic properties of the preceding weak rocks
can be used to determine the base resistance from Equation 4.38. Gannon et al. in CIRIA
Report 181471 give these properties as shown in Table 4.15; note the fracture frequency in
chalk is different from those in Figure 4.35.

High values of base resistance resulting from the calculations described earlier should
be adopted with caution because of the risk of excessive base settlement. This can be of

Table 4.15 Relationships between weathering grades, undrained shear strength
and elastic properties of weak rocks

Undrained shear Shear modulus  Young’s modulus

Weathering grade  Clay content %  strength (c,, kN/m?) (G, MN/m?) (E, MNIm?)
V-Vi 250 80 115
v 850 100 230
I 10 1330 350 820
I 15 1270 265 615
1 20 1230 210 490
1]l 25 1150 175 405
1] 30 1090 150 350
land Il 1450 1270 2830

Source: Seedhouse, R.L. and Sanders, R.L., Investigations for cooling tower foundations in Mercia
Mudstone at Ratcliffe-on-Soar, Nottinghamshire, Proceedings of the Conference on Engineering Geology of
Weak Rock,A.A. Balkema, Rotterdam, the Netherlands, Special Publication No. 8, pp. 465472, 1993.
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the order of 20% of the pile width at the toe which is required to mobilise the ultimate
base resistance. Equation 4.40 should be considered in these circumstances. Significant
shaft settlement could break down the bond between the rock and concrete, thus weaken-
ing the total pile resistance in cases where the design requires the load to be shared between
the shaft and the base. A reduction in shaft resistance of 30%—-40% of the peak value has
been observed where shear displacements of the rock socket of little more than 15 mm have
occurred. It may also be difficult to remove soft or loose debris from the whole base area at
the time of final clean-out before placing the concrete.

Because of the porous cellular nature of chalk and the consequent breakdown and
softening of the material under the action of drilling tools (similar to that described in
Section 4.7.1), conventional methods of calculating the base resistance and rock socket
shaft friction cannot be used for bored piles in chalk. CIRIA Report 574 states that these
two components of bearing capacity are best determined from relationships with the SPT
N-values uncorrected for overburden pressure. These give a rough indication of the weather-
ing grade to supplement the classification based on examination of rock cores and exposures
in the field. CIRIA recommendations for bored and CFA piles are that g, should be taken as
200 N KN/m? (Report 574) and g, as Bo,, (Report PR86, Lord et al.*7%),

Where the average effective overburden pressure, o,,, is less than 400 kIN/m? (based on
final ground levels and omitting the contribution from made ground and fill), the calculated
shaft friction must be confirmed by load testing. In high-density Grade A chalk, the pile may
be treated as a rock socket and the shaft friction taken as 0.1 times the uniaxial compres-
sive strength. Report 574 makes a distinction between made ground and fill. The former is
regarded as an accumulation of debris resulting from the activities of man, whereas fill is
purposefully placed.

The shaft factor # should be based on SPT N-values. For low values of N (<10) or a
cone resistance g, between 2 and 4 MN/m?, § should be taken as 0.45. Reports on load-
ing tests on bored piles and driven tubular steel piles in high-strength chalk since PR86
frequently indicate higher shaft friction resistance than expected from this approach. g is
therefore more usually taken as 0.8, for medium-dense chalk with N > 10 and in the
absence of flints. CPT values in chalk are not sufficiently reliable for the calculation of
base resistance.

However, there is continued uncertainty over shaft friction in chalk. The above-mentioned
shaft resistance implies that o,, and o}, are directly proportional in chalk, which is question-
able. Hence, the recommendations in Reports 574 and PR86 for load testing at some stage
as a means of confirming load capacity and achieving economy in design are still important.
It is pointed out that a single test made to 3 times the applied load is a much better aid to
judgement than two tests to 1.5 times the applied load.

There is a clear distinction between the shaft friction available in the weak rocks
(<3 MN/m?) as considered by Williams and Pells*¢4, where friction can be attributed to
roughness of the bore and that in strong rock, such as Carboniferous limestone, intact sand-
stone and igneous rocks. Here, the substantial base resistance can usually only be mobil-
ised by invoking sidewall slip in a straight smooth-sided socket, resulting in possible brittle
failure of the rock—pile bond. If the initial drilling produces a degree of roughness, which
is difficult to assess even with current devices such as ultrasonic probes, then peak average
shear strength will be mobilised at small displacement. Over time, this will produce a plastic
load transfer from the walls to the base without causing the shear resistance to fall as noted
by Rosenberg and Journeaux“-¢¢); their reduction factors in Figure 4.33 are likely to be more
representative for shaft friction estimation. There is a case for limiting the contribution of
the length available for shaft resistance in a strong rock socket to twice the shaft diameter
to ensure effective load distribution.
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Table 4.16 Presumed safe vertical bearing stress for foundations on horizontal ground in Hong Kong

Uniaxial Equivalent point
Weathering Total core compression load index strength  Presumed bearing
Category grade recovery (%)  strength (MN/m?) (MNIm?) stress (MN/m?)
I(a) I 100 75 3 10
I(b) >l 95 50 2 7.5
I(c) >lll 85 25 I 5
1(d) >V 50 — — 3

Notes: Category |(a), fresh strong to very strong rock. Category |(b), fresh to slightly decomposed strong rock.
Category |(c), slightly to moderately decomposed, moderately strong rock. Category 1(d): moderately decomposed,
moderately strong rock to moderately weak rock.

The practice in Hong Kong for granites and volcanic rocks is to relate the base bearing
pressure for bored piles to the weathering grade of the decomposed material. The recom-
mendations of the Government Geotechnical Office*5*) are shown in Table 4.16. The rock
socket shaft friction in weak to moderately weak and strong to moderately strong granites
should be determined from correlation with the uniaxial compression strength of sedimen-
tary rocks using the method of Horvath et al.#¢%, Ng et al.“7® point out that observations
made in loading tests in granites suggest that the value for b in Equation 4.42 of 0.2 is
appropriate. Completely weathered granite should be treated as a soil.

Displacement of piles due to lateral load and moments at the pile head are unlikely to
cause deformation in the rock socket, especially where the pile is installed through overbur-
den and the socket is short. However, in situ data and load test observations are not readily
available. Piles for integral bridge abutments which are subject to lateral loads from thermal
movements and movement of embankments are considered in Section 9.5.

4.7.4 Settlement of the single pile at the applied load
for piles in rocks

The effects of load transfer from shaft to base of piles on the pile head settlements have
been discussed by Wyllie*34. Because of the relatively short penetration into rocks which
is needed to mobilise the required total pile resistance, the simpler methods of determining
pile head settlement described in Section 4.6 are suitable in most cases. For piles having base
diameters up to 600 mm, the settlement at the applied load should not exceed 10 mm if the
EC7 partial factors for ULS have been applied.

The settlement of large-diameter piles can be calculated from Equation 4.35. The modu-
lus of deformation of the rock below the pile toe can be obtained from plate bearing tests
or PMTs or from empirical relationships developed between the modulus, the weather-
ing grade and the unconfined compression strength of the rock given in Table 4.15 and
Section §.5.

These relationships are not applicable to high-porosity chalk or weathered silty mud-
stone (Mercia Mudstone). The relationships given in Section 5.5 assume fairly low stress
levels. Therefore, calculated values based on the unconfined compression strength of the
rock should take into account the high-bearing pressures beneath the base of piles.

In CIRIA Report 574458) the deformation modulus of chalk is related to the weather-
ing grade and SPT N-values. For Grade A chalk where the N-value is greater than 235, the
deformation modulus is 100-300 MN/m?2. For Grades B, C and D with N-values less than
25, the modulus is 25-100 MN/m?2.
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Figure 4.36 Elastic settlement influence factors for rock socket shaft friction on piles. (After Pells, P.J.N. and
Turner, R.M., Can. Geotech. J., 16, 481, 1979; Courtesy of Research Journals, National Research
Council, Ottawa, Ontario, Canada.)

Pells and Turner*”> have derived influence factors for calculating the settlement of a bored
pile where the load is carried by rock socket shaft friction only using the following equation:

Settlement = p = ol (4.45)
p
BE,

where
Q is the total load carried by the pile head
I, is the influence factor
B is the diameter of the socket
E, is the deformation modulus of the rock mass surrounding the shaft

The influence factors of Pells and Turner are shown in Figure 4.36. Where the rock sockets
are recessed below the ground surface or where a layer of soil or very weak rock overlies
competent rock, a reduction factor is applied to Equation 4.45. Values of the reduction fac-
tor are shown in Figure 4.37.

Fleming et al.“23 describe a method for obtaining the load/settlement relationship in soils
(Section 4.9.1) which can be applied to sockets in weak rock with the resistance of the shaft
and base treated separately. CIRTA Report 181471 gives further examples of the perfor-
mance of rock-socket piles. Computer programs, such as ROCKET, are available which are
capable of including parameters (generally for weaker rocks) which cannot be considered in
the empirical methods (see Appendix C). The American Transportation Research Board has
produced a synthesis of information on the design of rock-socketed shafts under axial and
lateral loading which has been used in the Oasys ALP program for strong rock.

4.7.5 Eurocode recommendations for piles in rock

EC7 makes no specific recommendations for the design of piles carrying axial compression
loads in rock. The design methods described in Sections 4.7.1 through 4.7.3 are based either
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Figure 4.37 Reduction factors for calculation of settlement of recessed sockets. (After Pells, PJ.N. and
Turner, R.M,, Can. Geotech. |., 16, 481, 1979; Courtesy of Research Journals, National Research
Council, Ottawa, Ontario, Canada.)

on relationships with uniaxial compression strengths or by correlation with SPT N-values
and are compatible with EC7 procedures. Where the calculations are based on SPT tests, the
calibration factor of 1.05 could be applied to the N-value, but the effect is small in relation
to the other empirical design factors.

The model pile procedure can be used to calculate design total pile resistances based on
a series of static or dynamic pile tests using the correlation factors based on the number of
tests as in the NA tables. The relevant partial resistance factors as described in Section 4.1.4
are used to obtain the design resistances for ULS calculations. It can be inferred from EC7
Clause 7.6.4.2 that when a pile toe is seated on intact rock, ‘the partial safety factors for
the ultimate limit state conditions are normally sufficient to satisfy serviceability limit state
conditions’.

The selection of the characteristic value of the uniaxial compressive strength of the rock
to calculate end-bearing resistance, R,,, requires judgement by the designer, and the guid-
ance given by the ‘presumed safe bearing stress’ for allowable stress calculations should be
considered for preliminary design.

4.8 PILES IN FILL: NEGATIVE SKIN FRICTION

4.8.1 Estimating negative skin friction

Piles are frequently required for supporting structures that are sited in areas of deep fill. The
piles are taken through the fill to a suitable bearing stratum in the underlying natural soil or
rock. No support for compressive loads from shaft friction can be assumed over the length
of the pile shaft through the fill. This is because of the downward movement of the fill as it
compresses under its own weight or under the weight of further soil or surcharge placed over
the fill area. Negative skin friction is the shear stress acting downwards along the pile shaft
due to the downward soil movement relative to the pile. The downward movement results
in dragload, the load transferred to the pile, which must be structurally designed to resist
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this additional load. Downdrag is the downward movement (drag settlement) of the pile due
to the dragload. A neutral point exists where there is equilibrium between the downward
permanent actions plus the dragload and the upward acting positive shaft resistance plus
the mobilised pile toe resistance. The neutral point is also the point at which the relevant
movement between the pile and soil can be considered zero. Where fill is placed over a
compressible natural soil, the latter consolidates and moves downwards relative to the pile.
Thus, the negative skin friction occurs over the length of the shaft within the natural soil as
well as within the fill.

Calculation of the magnitude of the negative skin friction is a complex problem which
depends on the following factors:

1. The relative movement between the fill and the pile shaft

2. The relative movement between any underlying compressible soil and the pile shaft
3. The elastic compression of the pile under the applied load

4. The rate of consolidation of the compressible layers

The simplest case is fill that is placed over a relatively incompressible rock with piles
driven to refusal in the rock. The toe of the pile does not yield under the combined applied
load and downdrag forces. Thus, the negative skin friction on the upper part of the pile shaft
is equal to the fully mobilised value. Near the base of the fill, its downward movement may
be insufficiently large to mobilise the full skin friction, and immediately above rockhead, the
fill will not settle at all relative to the pile shaft. Thus, negative skin friction cannot occur
at this point. The distribution of negative skin friction on the shaft of the unloaded pile is
shown in Figure 4.38a. If a heavy load is now applied to the pile shaft, the shaft compresses
elastically and the head of the pile moves downwards relative to the fill. The upper part of
the fill now acts in support of the pile although this contribution is neglected in calculating
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relative to fill, thus
reducing negative skin

Negative skin friction
eliminated by elastic

compression of pile
No load on

friction
pile head L. w w
Original ground Surface .
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Figure 4.38 Distribution of negative skin friction on piles terminated on relatively incompressible stratum.
(@) No load on pile head. (b) Compressive load on pile head. (c) Design curve for loaded pile.
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the pile resistance. The distribution of negative skin friction on the shaft of the loaded pile
is shown in Figure 4.38b. Where the fill has been placed at a relatively short period of time
before installing the piles, continuing consolidation of the material will again cause it to slip
downwards relative to the pile shaft, thus reactivating the downdrag force.

The simplified profile of negative skin friction for a loaded pile on an incompressible
stratum is shown in Figure 4.38¢. This diagram can be used to calculate the magnitude of
the dragload. The peak values for coarse soils and fill material are calculated by the method
described in Section 4.3.

In the case where negative skin friction is developed in clays, the rate of loading must be
considered. It was noted in Section 4.2.4 that the capacity of a clay to support a pile in shaft
friction is substantially reduced if the load is applied to the pile at a very slow rate. The same
consideration applies to negative skin friction, but in this case, it works advantageously in
reducing the magnitude of the dragload. In most cases of negative skin friction in clays, the
relative movement between the soil which causes downdrag and the pile takes place at a
very slow rate. The movement is due to the consolidation of the clay under its own weight or
under imposed loading, and this process is very slow compared with the rate of application
of the applied load to the pile.

Meyerhof50 advises that the negative skin friction on piles driven into soft to firm clays
should be calculated in terms of effective stress from the following equation:

Ts neg = PO (4.46)

Values of the negative skin friction factor, 8, which allow for reduction of the effective
angle of friction with increasing depth to the residual value §, are shown in Figure 4.39.
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Figure 4.39 Negative skin friction factors for piles driven into soft to firm clays. (After Meyerhof, G.G,,
Bearing capacity and settlement of pile foundations, Proceedings of the American Society of Civil
Engineers, GT3, pp. 197-228, 1976.)
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Figure 4.40 Distribution of negative skin friction on piles terminated in compressible stratum. (a) No load
on pile head. (b) Compressive load on pile head. (c) Design curve for loaded pile.

Taking the case of a pile bearing on a compressible stratum, where yielding of the pile
toe occurs under the dragload and the subsequently applied load, the downward movement
of the pile relative to the lower part of the fill may then be quite large and such that nega-
tive skin friction is not developed over an appreciable proportion of the length of the shaft
within the fill. Over the upper part of the shaft, the fill moves downwards relative to the
pile shaft to an extent such that the negative skin friction operates, whereas in the middle
portion of the pile shaft, the small relative movement between the fill and the pile may be
insufficient to mobilise the peak skin friction as a downdrag force. The distribution for the
unloaded pile is shown in Figure 4.40a.

When the design load is applied to the head of the pile, elastic shortening of the pile
occurs, but since the load is limited by the bearing characteristics of the soil at the pile toe,
the movement may not be large enough to eliminate the dragload. The distribution of nega-
tive friction is then shown in Figure 4.40b. The diagram in Figure 4.40c can be used for
design purposes, with the peak value calculated as described in Section 4.3 for coarse soils
and fill and by using Equation 4.46 and Figure 4.39 for soft to firm clays.

It may be seen from Figure 4.40a—c that at no time does the maximum skin friction oper-
ate as a dragload over the full length of the pile shaft. It is not suggested that these simpli-
fied profiles of distribution of negative skin friction represent the actual conditions in all
cases where it occurs, since so much depends on the stage reached in the consolidation of
the fill and the compression of the natural soil beneath the fill. The time interval between
the installation of the pile and the application of the load is also significant. In old fill which
has become fully consolidated under its own weight and where it is not proposed to impose
surcharge loading, the negative skin friction may be neglected, but shaft friction within the
fill layer should not be allowed to help support the pile. In the case of recently placed fill, it
may settle by a substantial amount over a long period of years. The fill may also be causing
consolidation and settlement of the natural soil, within which the pile obtains its bearing.
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Figure 4.4 Distribution of negative skin friction on pile driven through recent fill into compressible clay
stratum.

The case of recent fill placed over a compressible soil which becomes stiffer and less com-
pressible with depth is shown in Figure 4.41.

Modelling the load transfer by downdrag from fill and the underlying compressible soil
and the distribution of resistance in positive shaft friction can be undertaken by using a soil—
pile interaction analysis (see Section 4.9.5). The basic #—z curve outputs give a more accurate
estimate in separate or combined form of the distribution of axial forces over the depth of
the pile shaft from the compression load applied to the pile head and the shear stress on
the pile surface from the dragload than is possible from semi-empirical diagrams such as
shown in Figures 4.38, 4.40 and 4.41. In particular, the t—z curves indicate the depth H in
Figure 4.41, that is the depth to the neutral point at which the shear stress changes from
negative, caused by downdrag, to positive, acting in support of the pile.

It is good practice to ignore the contribution to the support provided by friction over the
length of a pile in soft clay, where the pile is driven through a soft layer to less-compressible
soil. This is because of the dragload on the pile shaft caused by heave and reconsolidation
of the soft clay. The same effect occurs if a pile is driven into a stiff clay, but the stiff clay
continues to act in support of the pile if yielding at the toe is permitted.

Very large dragload can occur on long piles. In some circumstances, they may exceed the
load applied to the head of the pile. Fellenius*7¢) measured the progressive increase in nega-
tive skin friction on two precast concrete piles driven through 40 m of soft compressible
clay and 15 m of less-compressible silt and sand. Reconsolidation of the soft clay disturbed
by pile driving contributed 300 kN to the dragload over a period of 5 months. Thereafter,
regional settlement caused a slow increase in negative skin friction at a rate of 150 kN per
year. Seventeen months after pile driving, a load of 440 kN was added to each pile, followed
by an additional load of 360 kN a year later. Both these loads caused yielding of the pile at
the toe to such an extent that all negative skin friction was eliminated, but when the settle-
ment of the pile ceased under the applied load, the continuing regional settlement caused
negative skin friction to develop again on the pile shaft. Thus, with a yielding pile toe, the
amount of negative skin friction which can be developed depends entirely on the downward
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movement of the pile toe relative to the settlement of the soil or fill causing the dragload. If
the dragload is caused only by the reconsolidation of the heaved soil and if the pile can be
permitted to yield by an amount greater than the settlement of the ground surface due to this
reconsolidation, then negative friction need not be provided for. If, however, the negative
skin friction is due to the consolidation of recent fill under its own weight or to the weight of
additional fill, then the movement of the ground surface will be greater than the permissible
yielding of the pile toe. Negative skin friction must then be taken into account, the distribu-
tion being as shown in Figure 4.40c or Figure 4.41. It follows that negative skin friction will
not reduce the ultimate geotechnical capacity of the pile. Geotechnical failure means that
the pile plunges through the soil and therefore negative skin friction is not present.

Much greater dragloads occur with piles driven onto a relatively unyielding stratum.
Johannessen and Bjerrum*77) measured the development of negative skin friction on a steel
pile driven through 53 m of soft clay to rock. Sand fill was placed to a thickness of 10 m on
the seabed around the pile. The resulting consolidation of the clay produced a settlement of
1.2 m at the original seabed level and a dragload of about 1500 kN at the pile toe. It was
estimated that the stress in the steel near the toe could have been about 190 N/mm?2, which
probably caused the pile to punch into the rock, so relieving some of the dragload. The
average unit negative skin friction within the soft clay was equal to 100% of the undrained
shearing strength of the clay.

In seismic susceptible areas, the consolidation of soils which have been subject to lig-
uefaction during an earthquake event can produce downdrag on piles and pile caps. In
soft fine-grained soils, the depth affected by liquefaction may be greater or less than the
depth of compressible soil indicated from the ground investigation. The calculation of the
neutral point using unfactored load and resistances is critical as discussed by Fellenius and
Siegel*78),

4.8.2 Partial factors for negative skin friction

Safety factors for piles subjected to negative skin friction required careful consideration
when using allowable stress design to arrive at the total allowable pile load. The negative
skin friction would be conservatively estimated and deducted from the ultimate pile capacity
before deciding the value of a global safety factor, usually 2.5.

The EC7 recommendations for the design of piles subjected to downdrag are much more
onerous than the treatment previously applied in that the resulting axial dragload is now
treated as a permanent unfavourable action in Table 4.1. This is classed as a geotechnical
action in Clause 7.3.2.1(3)P which can be calculated either by a pile—soil interaction analysis
(Method (a)) or as an upper-bound force exerted on the pile shaft (Method (b)). As noted in
Section 4.1.4, Method (a) is the more effective of the two, particularly in determining the
depth to the neutral point. It is evident that if Method (b) is used, the depth H over which
the upper-bound force is assumed to act is critical. If the depth is overestimated, application
of the action factor y; of 1.35 in Table 4.17 set A1 will further exaggerate the dragload.
Worked Example 4.9 at the end of this chapter demonstrates that extra depth of pile may be
needed to cope with the additional dragload action.

There is some inconsistency in the current application of the EC7 partial factors when
dealing with negative skin friction, and a review by the CEN technical committee, TC250,
is in hand. For structural design, the pile must be capable of supporting the factored
applied actions including the dragload. The partial factors in Table 4.17 are provided by
Frank et al.0-9; other designers use the action factor for the unfavourable dragload, and
some omit the model factor yz, when determining the design resistance from the ground
test profile. The application of the M2 partial factors y, and y,, is not required for axially
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Table 4.17 Partial factor sets for a pile axially loaded at the head and subjected to downdrag on the shaft

Geotechnical action

Shear strength Resistance to
Design approach Structural action y. parameter v, Load y. compression y, or y,
DA, combination | Al (1.35) M1 (1.0) Al (1.35) R1 (1.0)
DA, combination 2 A2 (1.0) M2 (1.25)2 A2 (1.0) R4 (1.3)

2 Applied as a partial action factor, not as a material factor.

loaded piles or when using effective stress calculations, for example, Meyerhof’s equation
4.46, which is not directly related to the angle of shearing resistance of the soil. In most
fine-grained soils, it is preferable to use the actual characteristic undrained strength directly.

The use of Method (a) requires, as a first step, a settlement analysis to determine the
settlement of the fill and underlying compressible soil. Clause 7.3.2.2(5)P requires the design
value of the ground settlement analysis to take account of weight densities of the material
(M1 and M2 density factors in EC7 are unity and are omitted from NA tables).

When calculating downdrag on the shafts of uncased bored and cast-in-place piles, the
possibility of enlargement of the pile cross section due to overbreak should be considered as
well as ‘waisting’ in the supporting soil layer. Clause 2.3.4.2 of EC2 does not consider the
possibility of enlargement, but the reductions in diameter given in Table 4.6 in Section 4.1.4
may be used when assessing the concrete design resistance of bored piles.

EC7 points out (Clause 7.3.2.2(7)) that downdrag and transient loading need not nor-
mally be considered to act simultaneously in load combinations.

Poulos*7) presents a relatively simple design approach which includes limit state factors
and serviceability considerations which can be adapted to EC7 rules. He considers the por-
tion of the pile that lies in the ‘stable’ (non-settling) soil zone (i.e. the ground profile below
the neutral point) and takes the resistance of the shaft plus base in this zone into account. By
designing this length of pile with a lower factor of safety (1.25 is suggested for shaft friction
and end-bearing piles), it is shown that settlement due to the combined effects of applied
load and dragload can be limited. The pile settlement reaches a limiting value and does not
continue to increase even if the ground continues to settle. Downdrag is further considered
in Section 4.9.5.

4.8.3 Minimising negative skin friction

The effects of downdrag can be minimised by employing slender piles (e.g. H-sections or
precast concrete piles), but more positive measures may be desirable to reduce the magnitude
of the dragload. In the case of bored piles, this can be done by placing in situ concrete only
in the lower part of the pile within the bearing stratum and using a precast concrete element
surrounded by a bentonite slurry within the fill. The use of double casing over the length of
pile subject to downdrag is effective provided that the pile is not subjected to lateral load or
buckling action. Dragload on precast concrete or steel tubular piles can be reduced by coat-
ing the portion of the shaft within the fill with soft bitumen, but there is risk of the coating
suffering damage during driving.

Claessen and Horvat*89 describe the coating of 380 x 450 mm precast concrete piles with
a 10 mm layer of bitumen having a penetration of 40—50 mm at 25°C. The skin friction on
the 24 m piles was reduced to 750 kN compared with 1600-1700 kN for the uncoated piles.
A 10 mm layer is difficult to apply at the high temperature required, and there is a signifi-
cant risk that it will spall during pile driving. If bitumen with a penetration capability of
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80-100 mm is used at temperatures up to 180°C, the layer can be reduced to 2-3 mm and
still be effective in reducing downdrag.

Shell Composites Ltd. markets its Bitumen Compound SL“8V for coating bearing piles
to form a slip layer. The compound will also adhere to steel, but the pile surface should be
cleaned and primed with a compatible solvent primer. Penetration up to 70 mm is claimed
for concrete. The bitumen slip layers should not be applied over the length of the shaft which
receives support from skin friction, and Claessen and Horvat recommend that a length at
the lower end of ten times the diameter or width of the pile should remain uncoated if the
full end-bearing resistance is to be mobilised.

Negative skin friction is the most important consideration where piles are installed in
groups. The overall settlement of pile groups in fill may be analysed empirically as described
in Section 5.5, and comments on the application of soil-pile interactions using computer
programs are given in Section 4.9.5.

The above-mentioned measures to minimise negative skin friction can be quite costly. In
most cases, it will be found more economical to increase the penetration of the pile into the
bearing stratum, thereby increasing its capacity to carry the combined loading.

4.9 SOIL-PILE INTERACTION

The empirical methods for the calculation of single pile and pile group settlements which
are detailed in this text have been proved to be reliable for relatively simple structures and,
with the adoption of a high factor of safety, for more complex structures. Spreadsheet cal-
culations using the equations given will allow a limited range of parameters to be studied in
the design process. If the soil and the pile are both behaving in a linear elastic mode, then
approximate analytical solutions can be applied to an axially loaded pile, and if the large
computer power now available to run predictive finite element methods (FEMs) and bound-
ary element methods (BEMs) is applied, accurate solutions can be achieved. A key feature
of the analytical approach is the consideration of the interaction of Young’s modulus of the
pile and Young’s modulus of the soil (the pile stiffness ratio or the modular ratio E,/E,),
together with other factors such as the variation of E, and the shear modulus of the soil (G)
with depth, the variation of E, with age, and the pile compressibility, which are described
as the soil-pile interaction.

In a weak soil, most of the load applied to the pile at the surface will be transferred to the
pile tip, with little load transferred to the ground around the pile, whereas in a stiff soil,
the load transferred to the surrounding ground through shear stresses on the shaft decreases
the load on the pile with depth, and the settlement of the tip will be less than at the surface.
The length of pile will dictate the load transfer — a short pile will take more load at the base
and therefore settle more, whereas in a long pile, under similar load, little load will reach the
pile tip. If there is a large relative movement between the pile and the soil (such as in a loose
sand), there may be a reduction the shaft resistance from a peak value to a residual value.
This degradation in shaft friction can now be taken into account for the design of complex
foundations. The shear stresses in the soil surrounding a pile shaft reduce exponentially
with distance from the pile, but this is difficult to model in a pile group, and a linear decay
may be adopted in considering group effects of the stress changes.

The soil-pile-structure interaction analysis is used to predict the distribution of loads
from the structure due to deformations of the soil and structure so that distress is not
caused to the structural frame, the claddings and foundations. In designing the constitutive
soil models for these interaction analyses, it is essential to have reliable soil parameters and
layered profiles in order to determine the appropriate soil stiffness. For example, stiffness
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determined by small strain laboratory tests or in situ dilatometer tests may be more suited to
elastic analysis than the subjective secant estimation from a static pile test. Also non-linear
soil-pile interaction in pile groups which are highly loaded can have a significant influence
on the load/settlement of the group depending on the method used for determining the soil
stiffness.

EC7 encourages numerical analysis but makes only limited reference to the application
of soil-pile interaction and gives no guidance on when or how it should be considered for
design, except that a piled raft has to be accorded Geotechnical Category 3 status. The
application of the standard partial factors in EC7 to complex numerical models of piles
and pile groups can produce anomalous answers which the designer must understand and
resolve. For example, the factoring of stiffness for numerical modelling is an issue which
needs to be addressed in EC7 — it may be advisable to investigate the sensitivity of ULS to
the variation in soil stiffness. EC2-1-1 is more explicit for the application of soil-structure
interaction and in Annex G1 advises that the relative stiffness, Ky (as defined, and similar to
the Poulos“$? model), can be used to determine if the foundation or the structural system
should be considered rigid or flexible; Kz > 0.5 (or a modular ratio > 500) indicates a rigid
structure. In a rigid system or if the ground is very stiff, then ‘relative settlements may be
ignored and no modification of the loads transmitted from the superstructure is required’.
Levels of analysis are given for flexible shallow foundations. However, when dealing with
pile caps and piled rafts, the situation is different. Provided that the pile cap does not rotate,
then all piles under the cap can be assumed to settle equally, (subject to being of the same
dimensions and penetration). EC7 at Annex H gives a range of acceptable foundation rota-
tions to avoid reaching the SLS in the structure. In piled rafts, the more complex interaction
between soil, pile and structure will require the use of computer programs to run time-
consuming iterative processes to produce an assessment of load distribution and differential
settlement.

Space is not available in this text to describe the various FEM and BEM numerical
analyses now applied to the solution of soil-pile interactions. The following comments are
provided as an introduction to these highly specialised procedures, but it must be recog-
nised that there is no general agreement on appropriate analytical models and boundary
conditions for geotechnical design. The outputs from any computer model are affected
not only by the parameters selected but by the simplifications made and judgement on
the mechanisms which are modelled. It is essential therefore that the designer appreciates
and understands the limitations of any software application. The selection of commercial
programs listed in Appendix C is for information only; reference must be made to the
relevant bureau in respect of a specific application. For a comprehensive insight into finite
element analysis as applied to geotechnical engineering, the reader is referred to Potts and
Zdravkovic“83),

4.9.1 Axially loaded single piles

As noted earlier, accurate analysis of the load distribution and settlement of a pile is pos-
sible when the pile and soil are both treated as elastic materials. Fleming et al.*-?3 provide
a semi-analytical method to determine load/settlement ratios and load distribution which
assumes a linear decay of soil stiffness down the pile and a limit to the distance from the
pile which is affected by the load transfer to the soil. Figure 4.42 shows a design chart of
the method applied to a straight-shaft pile which is under compression, where the follow-
ing apply:
4 = E,/G, is the pile-soil stiffness ratio with G, as the shear modulus at the base

p=GIG; is the variation of the shear modulus of the soil with depth.
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Figure 4.42 Load/settlement ratios for compressible piles. (After Fleming, W.G.K. et al., Piling Engineering,
3rd ed., Taylor & Francis, Abingdon, UK, 2009.)

In the y-axis term, the load/settlement ratio is
P/w,dG,

where
P, is the applied action (load)
w, is the settlement at the pile head
d is the pile diameter
P,/w, is a measure of the pile stiffness (k,)

The method may be applied to under-reamed piles by applying a ratio 5 = d,/d and to soil
where there is an increase in the soil shear modulus from G, to G, below the pile tip in an
end-bearing pile, with & = G,/G,. (In Figure 4.42, 5 = £ = 1). In assessing the radius of influ-
ence of the pile, ¢ = In(27,,/d), the maximum radius r,, is simplified to equal the length of the
pile, and the assessment of the pile compressibility, uL, in Fleming’s equation for the load/
settlement ratio, depends on 4, { and the slenderness ratio. Using the chart in Figure 4.42 for
a 450 mm diameter concrete pile, L/d = 30, a load of 500 kN and G, = 30,000 kN/m? for
A =22,000/30 = 733 and p = 0.5, pile head settlement w,

= (500 x 1000?)/(14 x 450 x 30,000) = 2.6 mm.

Layered soils can also be considered with the lower layer analysed first using the dimen-
sionless parameters as shown previously with the weaker upper layers superimposed.
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The computerised methods for modelling piles under axial loads use three approaches:

1. The elastic methods based on Mindlin’s 1936 equations on the effects of subsurface
loading in a semi-infinite elastic medium

2. The t—z method

3. FEM

The elastic method is noted in Section 4.6, and solutions where the pile is divided into a
series of elements each uniformly loaded by skin friction and bearing on a rigid base have
been reported by Poulos and Davis*3V. It can be used with reasonable confidence in layered
soils using an equivalent uniform soil layer with a weighted mean modulus

EiSs
L

E=% (4.47)

where
E, is the elastic modulus of the layer
5y, is the thickness of the layer
L is the length of pile

A modified elastic analysis includes the soil-pile interaction when the shear stress at the
pile surface reaches a defined failure value and where the load/deflection behaviour is con-
sidered to be linear.

The t—z method is also noted in Section 4.6 and is widely adopted as a software program
where non-linear behaviour at the soil-pile interface has to be considered and there is
complex soil stratification. The pile is modelled as a system of rigid elements connected by
springs and the soil modelled as external non-linear springs. The internal axial forces in
the pile (¢) are described by finite difference expressions in terms of axial displacements (z)
at equally spaced nodes along the pile. An alternative approach using FEM to produce the
t—z curve can accommodate different sizes of pile element and varying pile properties and
can be extended to allow for both inelastic behaviour and strength degradation of the soil.

In finite element analysis, the modelling of the interface parameters between pile and soil
is critical, and while the method has been applied to research applications for many years, it
is now a common design tool. Its success in predicting load/deformation behaviour depends
on the choice of the size of the interface elements and the stiffness assigned to the soil — as for
all soil-pile interaction approaches. However, piles which are subject only to axial loading
and analysed with no interface elements can produce adequate results. When considering
dragload and lateral load, special interface elements have to be applied. In drained condi-
tions, the interface elements are more significant in determining shaft resistance.

4.9.2 Single pile subjected to lateral load

The empirical and semi-analytical design methods described in Section 6.3 are based on sub-
grade reaction (Terzaghi’s“84 coefficient, k) and p—y curves. The use of computers for elastic
analysis has shown that k, which is difficult to evaluate, does not deal adequately with pile—
soil interaction in assessing resistance to lateral loading. Considerable effort has therefore
been made to refine the p—y equations from the results of laterally loaded pile tests. Examples
of the construction of p—y curves for cases where the soil yields plastically are given in Section
6.3.5. The examples in the API Code RP2A“19 are applicable to piles of less than 1000 mm
diameter; caution should be exercised when applying the method to larger piles (say mono-
piles) as the soil resistance can be over-predicted while underestimating the pile deflection.
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The elastic continuum model, developed by Poulos*$2 and Reese and Matlock®'4, has
been enhanced to deal effectively with the soil-pile interaction (see D-PILE Appendix C).
The alternative approach adopted by Randolph“3% uses FEM to model the pile and soil
stiffness to determine ground-level deformation and the critical pile length. The effects of
the soil-pile interface elements are critical in determining the horizontal stress in the soil
and the displacement of the pile particularly if gapping at the back of the pile is likely to
occur. The comprehensive BEM analysis in REPUTE allows for linear and non-linear soil
models and can handle a wide range of elements in the pile and group.

4.9.3 Pile groups

Viggiani et al.*1% comment on the division of pile groups and piled rafts into small and large
categories: small where the raft width to pile length ratio B/L is less than unity and large
where B/L is greater than unity. In small piled rafts (and small groups with a cap), the raft will
generally be stiff and differential settlement is not likely to be a concern. Large rafts are likely
to be flexible and the supporting piles contribute significantly to the load transfer to the soil.

Small pile groups where the cap is not in contact with the ground (‘free standing’) or where
the supporting ground is compressible can be analysed accurately if the piles are symmetrically
arranged at the corners of a regular shaped cap. In the simple case of a central load P on a rigid
pile cap, the load on each pile may be taken as P/n where 7 is the number of piles and the settle-
ment of the cap may be taken as that for a single pile under this load as applied in Section 7.8.
The interaction between piles will be lower where the pile spacing is large resulting in reduction
in loads on the peripheral piles. Viggiani et al. provide examples of load sharing for free-standing
groups with stiff caps depending on the ratio of pile spacing to pile diameter, for s/d values <8.

The various empirical methods which are considered in Chapter 5 do not determine the
true load distribution in a pile group but do provide reasonable estimates of the performance
of the group. The settlement of the pile group will always be greater than that of a single pile
due to the soil-pile-structure interaction, but a relationship between settlement of a single
test pile and group settlement can be usefully examined (Dewsbury$9)).

The elastic continuum approach can be applied to groups of vertical piles under axial
loading to determine the displacement of one pile due to an adjacent pile carrying the same
load. The results are expressed as an interaction factor, a, defined as

_ Additional settlement caused by adjacent pile

4.48
Settlement of pile under its own load ( )

The computerised analysis of a pile group requires 3D FEM techniques which simplify the pile
group into a segment with an axis of symmetry which will represent the whole group. If there
is lateral loading on the group or the cap that has to resist bending moments from the structure,
then, as there are fewer axes of symmetry, more piles and elements have to be included.

4.9.4 Piled rafts

For small piled rafts in contact with the soil, the load distribution between raft and pile
group and the settlement of the group depends essentially on the ratio B/L and on the ratio
of the area occupied by the group compared to that of the raft area (A/A, say 0.8-0.9).
Viggiani et al.*1% have shown that the greater the length of pile, then the average settlement
of the raft compared with the settlement of the un-piled raft will be reduced.

For large pile groups supporting a structural raft, the interaction between the piles and
between the piles, the soil and the raft requires much more rigorous analysis, such as 3D
analysis, necessitating time-consuming iterations of the computer calculations. The load
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distribution among the piles produces a significant edge effect in the raft and maximises the
bending moments in the piles, whether the raft is bearing on the soil or suspended. The raft
can no longer be considered rigid, and raft bending moments may be reduced as a result of
the load distribution and location of the piles.

Viggiani et al.*1% outline the matters which a numerical analysis program for pile groups
and piled rafts should consider, particularly when undertaking back analysis and for para-
metric studies. Such analyses require significant iterations of each pile in the group for the
various loading states. To achieve a more flexible approach for use as a design tool, practical
simplifications of these requirements can be successfully made by separating the raft and the
pile group and applying average interaction factors a,, between the pile and raft*23. The raft
and pile group stiffnesses are calculated as normal structural elements with the individual
pile stiffness as k, = P,/w, as presented previously and similarly the raft stiffness k, = P /w,.
The group stiffness is then approximately k, = n\/kp where 7 is the number of piles in the
group and rectangular raft stiffness, k,, with length L and width B may be estimated from

k = p.JIB 127(; (4.49)
-V

where f3, is a raft stiffness coefficient ~ 0.04L/B + 1. Then the proportion of the load carried
by the rigid raft, P,, and the pile group, P,, is given by the approximation

Py _ (1_arp)kr
P +P,  ke+(1-2a,)k

(4.50)

The interaction factors are those developed by Randolph*8%. As determined by Clancy
and Randolph“$¢, @, tends towards a constant 0.8 for a large piled raft.

This expression does not deal with the differences in load distribution between the periph-
eral piles and the centre piles under a flexible raft supported by competent soil, where dif-
ferential settlement must be considered using the appropriate FEM or BEM software.

In large pile groups where B/L > 1, the load sharing between raft and piles is affected by
the number of piles, the B/L ratio, the pile length-to-diameter ratio L/d and the pile spacing,
as well as the A/A, ratio noted earlier. Viggiani et al.*!*) present the results of numerical
analyses showing the effects of these different parameters on the load distribution. The load
sharing ranged from 0% to near 100% of the applied load, and the variation in average settle-
ment compared with an un-piled raft was around 25%. The differential settlement between
the corner of the raft and the centre for a uniform load using the same varied parameters was
also studied. This showed that if the relative stiffness of the raft were increased, the average
settlement was reduced, but this was not economic as the differential settlement remained
high. A conclusion is that for each value of the pile length considered, an optimum number
of piles exist to give the maximum reduction in differential settlement. The value of the A /A,
ratio can be reduced to between 0.3 and 0.4 in the centre of the raft, thereby reducing dif-
ferential settlement of the group and bending moments and shear forces in the raft. Padfield
and Sharrock*$7) also investigated the concept of optimising the pile support below a raft by
applying the so-called settlement-reducing piles (see further examples in Section 5.10).

O’Brien et al.*-3%) provide useful guidelines for piled rafts as an extension of the settlement-
reducing piles concept. Firstly, they define two groups which require different design meth-
ods: (a) raft-enbanced pile groups, where the piles are stiffer than the raft and attract most
of the load, and (b) pile-enhanced rafts, where the piles will be designed to mobilise all their
ultimate capacity under specific columns, with the raft carrying the bulk of the load. The
ground conditions appropriate for (a) include competent soils at raft level (e.g. stiff clays,



Calculating the resistance of piles to compressive loads 215

dense sands) and at depth and for (b) deep deposits of homogeneous clays stiff at raft level. In
the latter case, there should be consistent ‘ductile’ behaviour, and therefore the piles should
be straight sided. Lateral loads can be better accommodated with a pile-enhanced raft with-
out resort to raking piles by utilising the frictional resistance of the raft—-ground contact.

Dewsbury in his comprehensive study*$ has tackled the problem of time-consuming
iterations for the analysis and design of piled rafts by using a ‘modular meshing’ tech-
nique and ABAQUS software. The model of a theoretical pile group was tested using this
technique, against approximate numerical analysis and PIGLET and REPUTE programs
(see Appendix C). At relatively low raft loading conditions, agreement between modular
meshing, FEM analysis, and the approximate methods for raft settlement and differential
settlement was good, although the outputs from the comparative methods were limited.
In the case where load had to be distributed between the pile group and the raft, the more
rigorous FEM agreed well with the modular meshing, but the results of the approximate
methods were more dispersed. He also applied this modular meshing technique to the back
analysis of two recently completed piled raft structures and comments on the use of cur-
rent design standards for considering soil—pile interaction. The results of his numerical
analysis showed that on occasions when the relative stiffness of the ground and structure is
high, and the effects of the pile—soil—structure interaction are ignored, there is potential
for the load distribution and hence the differential movements within the structure to be
up to 50% wrong. The impact of such inaccuracies on structural integrity and building
finishes are discussed. His work presents a useful approximate method for assessing when
to conduct pile—soil—structure interaction analysis, which is in general agreement with
the advice in EC2-1-1 Anne4x G. He also comments that, subject to strict criteria, a load
test on a single pile can be useful in determining piled raft performance.

The International Society of Soil Mechanics and Ground Engineering (ISSMGE)#% has
produced an international guideline for the design and construction of vertically loaded
combined pile raft foundations (CPRFs), in accordance with Geotechnical Category 3 of
EC7 which takes account of the soil-pile-structure interaction. The computational model
proposed for design should simulate the behaviour of a single pile (either from a pile load-
ing test or empirical calculation in similar conditions) and be able to transfer the bearing
behaviour of this single pile to the bearing behaviour of the piled raft (as proposed by
Dewsbury“3$9), but note precautions in Section 5.1). It must also simulate all relevant interac-
tions which affect the bearing of the piled raft. The guideline shall not be applied to layered
soil where the stiffness ratio between the top and the bottom layers is <0.1 nor to cases
where the piled raft coefficient (a,, as defined) is >0.9.

The total characteristic value of the piled raft resistance is given as the sum of the indi-
vidual characteristic values of the pile resistances and the characteristic value of the raft
resistance. A ‘sufficient’ factor of safety has to be proven for all ULS and SLS combinations
of loading in the raft and piles; partial factors to obtain the design actions and resistances
are as given in the NA. EC7 Clause 7.1(2) states that the EC7 procedures ‘should not be
applied to the design of piles intended to act as settlement reducers’, but offers no guidance
on such designs. The ISSMGE guidance allows for simple cases to be analysed using only the
characteristic value of the base resistance of