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Prefaceto fourth edition

In this edition the chapters dealing with methods of cal culating the bearing capacity and settlements of piles and pile groups
have been extensively revised to take account of recent research and development on this subject. A draft of Eurocode No. 7,
Geotechnics, had been completed at the time of preparing this edition. Reference is made to the draft requirements of the
Eurocode in the chapters dealing with the design of single piles and pile groups.

Generally the descriptions of types of pile, piling equipment and methods of installation have been brought up-to-date with
current practice and a new section has been added on piled foundations for bridges.

The author is grateful to Mr Macolm J.Brittain, MICE, of Grove Structural Consultants, for assistance in bringing Chapter 7
into line with British Standard Code of Practice BS 8110 for structural concrete and for revising the worked examplesin this
chapter. The help of Mr Keith Brook, FICE in compiling the revised Table 10.1 is also gratefully acknowledged.

Many specialist piling contractors and manufacturers of piling equipment have kindly supplied technical information and
Illustrations of their processes and products. Where appropriate the source of thisinformation is given in the text.

In addition, the author wishes to thank the following for the supply of photographs and illustrations from technical
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reproduced with permission from A.A.Balkema, P.O. Box 1675, Rotterdam, The Netherlands.
M.JT.
Deal, 1993
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Prefaceto 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
behaviour. 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 properietary and non-proprietary piles and the equipment used to
install them.

In recent years substantial progress has been made in devel oping methods of predicting the behaviour of piles under lateral
loading. Thisisimportant 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 therefore
been given detailed treatment in this book.

The author has been fortunate in being able to draw on the world-wide 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, FlstructE, for his assistance with the calculations and his help in checking the text and
worked examples.

Burton-on-Stather, 1977

M.J.T.
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Page 1

CHAPTER 1
General principlesand practices

1.1 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 rock. 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 oads 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 Historical

The driving of bearing piles to support structuresis one of the earliest examples of the art and science of the civil engineer. In
Britain there are numerous examples of timber piling in bridge works 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 pilesislimited 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 established
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 accumul ated regarding the durability of piles of
different species of wood, and measures 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 cutting 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 atimber 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 devel oped as a structural medium in the late nineteenth and early twentieth centuries, largely
replaced timber for high-capacity piling for works on land. It could be precast in various structural formsto suit the imposed
loading and ground conditions, and its durability was satisfactory for most soil and immersion conditions. The partial
replacement of driven precast concrete piles by numerous forms of cast-in-situ piles has been due more to the development of
highly efficient machines for drilling pile boreholes of large diameter and great depth in awide 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 structures have been overcome by the introduction of durable coatings and
cathodic protection.
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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 carrying capacity of piles based on the
principles of soil mechanics differs greatly from the application of these principles to shallow spread foundations. In the
|atter 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 boreholes and soil tests. Provided that the
correct constructional techniques are used the disturbance to the soil is limited to a depth of only afew 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 1.1 @). Thus the safety factor against general shear

failure of the spread foundation and its settlement under the design working load can be predicted from a knowledge of the
physical characteristics of the undisturbed soil with a degree of certainty which depends only on the complexity of the soil
stratification.

The conditions which govern the supporting capacity of the piled foundation are quite different. No matter whether the pileis
installed by driving with a hammer, by jetting, by vibration, by jacking, screwing or drilling, the soil in contact with the pile
face, from which the pile derives its support by skin friction, and its resistance to lateral loads, is completely disturbed by the
method of installation. Similarly the soil or rock beneath the toe of apileis compressed (or sometimes |oosened) to an extent
which may affect significantly its end-bearing 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 skin-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-to-soil movement, and to chemical or electro-chemical 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
|oad-settlement characteristics of the pilesin the group that have already been driven.

In the present state of knowledge, the effects of the various methods of pile installation on the carrying capacity and
deformation characteristics cannot be calculated by the strict application of soil or rock mechanics theory. The general
procedure isto apply simple empirical factors to the strength density, and compressibility properties of the undisturbed soil
or rock. The various factors which can be used depend on the particular method of installation and are based on experience
and on the results of field loading tests.

The basis of the ‘ soil mechanics approach’ to calculating the carrying capacity of pilesisthat the
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total resistance of the pile to compression loads is the sum of two components, namely skin friction and end resistance. A pile
in which the skin-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). However, eveniif it is possible to
make a reliable estimate of total pile resistance afurther difficulty arisesin predicting the problems involved in installing the
piles to the depths indicated by the empirical or semi-empirical calculations. It is one problem to calculate that a precast
concrete pile must be driven to a depth of, say, 20 metresto carry safely a certain working 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
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rig must be correctly predicted.

Bjerrum(®-1) has drawn attention to the importance of time effects in calculating the resistance of apilein clay. Thetime
effects include the rate of applying load to a pile, and the time interval between installing and testing a pile. The skin-
frictional resistance of apilein 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 apileto carry itsload is judged on its behaviour under a comparatively rapid loading test
made only afew days after installation. The carrying capacity of a pile in sands may also diminish with time, but in spite of
the importance of such time effects both in cohesive and cohesionless 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 soil mechanics approach to calculating allowable working loads on pilesis that of determining the resistance of static
loads applied at the test-loading stage or during the working life of the structure. Methods of calculation based on the
measurement of the resistance encountered when driving a pile were briefly mentioned in the context of history. Until
comparatively recently all piles were installed by driving them with asimple falling ram or drop hammer. Since thereisa
relationship between the downward movement of a pile under a blow of given energy and its ultimate resistance to static
loading, when all piles were driven by afalling ram a considerable body of experience was built up and ssmple empirical
formulae established 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 many drawbacks to the use of these formulae with modern
pile-driving equipment particularly when used in conjunction with diesel hammers. The energy of blow delivered to the pile
by these types increases as the resistance of the ground increases. The energy can also vary with the mechanical condition of
the hammer and its operating temperature. They now are largely discredited as a means of predicting the
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resistance of pilesto static loading unless the driving tests are performed on piles instrumented to measure the energy
transferred to the pile head. If thisis done the dynamic analyser (see Section 7.3) provides the actual rather than the assumed
energy of blow enabling the dynamic formulato be used as a means of site control when driving the working piles. Dynamic
pile formulae are allowed to be used by Eurocode EC7 provided that their validity has been demonstrated by experience in
similar ground conditions or verified by static loading tests.

Steady progress has been made in the development of ‘static’ formulae and, with increasing experience of their use backed
by research, the soil mechanics approach can be applied to all forms of piling in all ground conditions, whereas even if a
reliable dynamic formula could be established its use would be limited to driven piles only. Furthermore, by persevering with
static formulae the desirable goal of predicting accurately the load-deformation characteristics will eventually be attained.
However, dynamic formulae still have their uses in predicting the stresses within the material forming the pile during driving
and hence in assessing the risk of pile breakage, and their relevance to this problem is discussed in Chapter 7.

1.5 Code of practice requirements

The uncertainties in the methods of predicting allowable or ultimate loads on piles are reflected in the information available
to designers in the various codes of practice which cover piling. The British Standard Code of Practice BS 8004
(Foundations) defines the ultimate bearing capacity of apile as The load at which the resistance of the soil becomes fully
mobilized’ and goes on to state that thisis generally taken as the load causing the head of the pile to settle a depth of 10% of
the pile width or diameter. BS 8004 does not define ultimate loads for uplift or lateral loading. Specific design information is
limited to stating the working stresses on the pile material and the cover required to the reinforcement, the requirements for
positional tolerance and verticality also being stated. No quantitative information is given on skin friction or end-bearing
valuesin soils or rocks, whereas it will be seen from Chapter 2 that many countries place limits on these values or on
maximum pile loads in order to ensure that piles are not driven very heavily so as to achieve the maximum working load that
can be permitted by the allowable stress on the cross-sectional area of the pile shaft.

A conflict can arise in British practice where structures, including foundation substructures, are designed to the requirements
of BS 8110 and their foundations to those of BS 8004. In the former document partial safety factors are employed to increase
the characteristic dead and imposed |oads to amounts which are defined as the ultimate load. The ultimate resistance of the
structure is calculated on the basis of the characteristic strength of the material used for its construction which againis
multiplied by a partial safety factor to take into account the possibility of the strength of the material used being less than the
designed characteristic strength. Then, if the ultimate load on the structure does not exceed its ultimate resistance to load, the
ultimate or collapse limit-state is not reached and the structure is safe. Deflections of the structure are also calculated to
ensure that these do not exceed the maximum values that can be tolerated by the structure or user, and thus to ensure that the
serviceability limit-state is not reached.

When foundations are designed in accordance with BS 8004, the maximum working load is calculated. Thisis comparable to
the characteristic loading specified in BS 8110, i.e. the sum of the maximum dead and imposed loading. The resistance
offered by the ground to thisloading is calculated. Thisis based on representative shearing strength parameters of the soils or
rocks concerned. These are not necessarily minimum or average values but are parameters selected by the engineer using his
experience and judgement and taking into account the variability in the geological conditions, the number of test results
available, the care used in taking samples and selecting them for test, and experience of other site investigations and of the
behaviour of existing structuresin the locality. The maximum load imposed by the sub-structure on the ground must not
exceed the calculated resistance of the ground multiplied by the appropriate safety factor. The latter takes into account the
risks of excessivetotal and differential settlements of the structure as well as allowing for uncertainties in the design method
and in the values selected for the shearing strength parameters.

The settlements of the foundations are then calculated, the loading adopted for these cal culations being not necessarily the
same as that used to obtain the maximum working load. It is the usual practice to take the actual dead load and the whole or
some proportion of the imposed load, depending on the type of loading; i.e. the full imposed load is taken for structures such
asgrain silos, but the imposed wind loading may not be taken into account when calculating long-term settlements.
Thereisno reason why this dual approach should not be adopted when designing structures and their foundations, but it is
important that the designer of the structure should make an unambiguous
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statement of the loading conditions which are to be supported by the ground. If he provides the foundation engineer with a
factored ultimate |oad, and the foundation engineer then uses this|oad with a safety factor of, say, 2.5 or 3 on the calcul ated
shearing resistance of the ground, the resulting design may be over-conservative. Similarly, if the ultimate load is used to
calculate settlements the values obtained will be unreadlistically large. The foundation engineer must know the actual dead
load of the superstructure and sub-structure and he must have full details of the imposed loading, i.e. its type and duration.
The conflict between the design of structures and sub-structuresto BS 8110 or similar structural codes, and the design of
piled foundations to BS 8004 should be ended if, and when, Eurocode No. 7(1-2) is adopted as general practice for foundation
design. Chapter 7 of the Eurocode deals with piled foundations from the aspects of actions (forces) on piles from
superimposed loading or ground movements, design methods for piles subjected to compression, tension, and lateral loading,
pile-loading tests, structural design and supervision of construction. In using Chapter 7 of the Eurocode the designer is
required to demonstrate that the sum of the ultimate limit-state components of bearing capacity of the pile or pile group
exceeds the ultimate limit-state design loading and that the serviceability limitstate is not reached.

At the time of preparing this edition Eurocode No. 7 was published only in the form of adraft for comment. It islikely that
some revisions to the draft will be made before final publication. Brief references are made to the draft code in the chapters
of this book dealing with pile design. These references are necessarily brief because the EC7 Code does not make
recommendations on methods of pile design. Essentially it prescribes the succession of stages in the design process. If the
reader wishes to apply the Eurocode rulesit will be essential to study the draft or final publication so that the step-by-step
design process can be followed and account taken of the various qualifications to the application of the code rules. Whether
or not the Eurocode is used for design in preference to present conventional methods it does provide avery useful design
check itemising all the factors which can influence foundation design.

1.6 Responsibilities of engineer and contractor

In Britain and in many other countries piling is regarded as a specialist operation and the procedure for calling for tendered
prices for thiswork may result in adivision of responsibility which can lead to undesirable practices. When the engineer is
wholly responsible for design or supervision of construction he will specify the type, width and overall length of the piles
based on the ground information. He will then prepare detailed designs for concrete piles showing the reinforcement,
concrete mix proportions, cover, and cube crushing strengths. In the case of steel piles he will specify the standard sections,
grade of steel, and welding requirements. The engineer will decide on the depth of penetration of each pile from the results of
preliminary calculations checked by field observations during driving. He will accept responsibility for paying the contractor
for any costsinvolved in shortening or lengthening piles, or of providing additional piles should the ground conditions differ
from those envisaged or should the piles fail aloading test or fail to achieve the *set’ criterion given by a dynamic formula
when at the design length.

Quite adifferent procedure is adopted when the contractor is responsible for design. The engineer will provide the piling
contractor with whatever ground information is available, and he will state either the required working load on asingle pile,
or he may simply provide a building layout plan showing the column loads or the load per metre run from the load-bearing
walls. In the latter case the contractor will be responsible for deciding the required piling layout. In all cases the contractor
will determine the type and required diameter and length of the piles, but he will be careful to quote his price for lengthening
the piles should the actual ground conditions differ from the information supplied at the time of tendering. The contractor’s
tender is usually accompanied by financial provisionsto guarantee the performance and safety of his design.

The engineer may not always specify allowable working stresses on the pile shaft, minimum cube crushing strengths, or
minimum cement contents in concrete mixes. He may consider it the proper duty of the piling contractor to decide on these
values since they may be governed by the particular piling process employed.” In all cases the engineer must specify the
maximum permissible settlement at the working load and at some simple multiple, say 1.5 times or twice the working load,
either on test piles or on working piles or both. Thisis essential asit isthe only means that the engineer possesses of
checking that the contractor’ s design assumptions and the piles as installed will fulfil their function in supporting the
structure. Only the engineer can state the requirement for settlement at the working

* The need to specify allowable working stresses and the crushing strength and minimum cement content of concrete pilesis dealt with in Chapters 2
and 10.
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load since only he knows what the structure can tolerate in the way of total and differential settlement. It frequently happens
that the maximum settlements 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 permissible settlement should not be so large that the safety factor is compromised (see 4.1.4) and it

should be remembered that the settlement of a pile group isrelated to the settlement of a single pile within the group
(Chapter 5). It is unrealistic to specify the maximum movement of a pile under lateral loading, since this can be determined
only by field trials.

The above procedure for contractor-designed piling has been advantageous in that it has promoted the development of highly
efficient piling systems. However, they have the drawback that they place the engineer in a difficult position when checking
the contractor’ s designs and in deciding whether or not to approve arequest for pile lengths that are greater than those on
which the tendered price was based. If the engineer declines to authorise extra pile lengths the contractor will withdraw his
guarantee of performance. Neverthel ess the engineer has a duty to his employer or client to check the specialist contractor’s
designs asfar as heis able (guidance regarding thisis given in Chapter 4), to enquire as to whether or not the contractor has

made proper provision for difficult ground conditions such as obstructions or groundwater flow, to check on site that the
piles are being installed in a sound manner, and that they comply with the requirements for test loading. In the interests of his
client he should not allow extra pile lengthsif he considers the contractor is being over-cautious in his assessment of the
conditions. However, he should not make this decision without test-pile observations or previous knowledge of the
performance of pilesin similar soil conditions.

The contractor’ s guarantee is usually limited to that of the |load-settlement characteristics of asingle pile and for soundness of
workmanship, but his responsibilities regarding effects due to installation extend to the complete structure and to any nearby
existing buildings or services. For example, if abuilding were to suffer damage due to the settlement of a group of pilesand
the settlement were due to the consolidation of alayer of weak compressible soil beneath the zone of disturbance caused by
pile driving (Figure 1.3), the contractor could reasonably argue that this was not his responsibility. The engineer should have
considered thisin hisoveral design and specified a minimum pile length to take account of this compressible layer. On the
other hand, a contractor is regarded as responsible for any damage to surrounding structures 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.
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Because of the great importance of installation effects on pile behaviour, the various types of pile available and their methods
of installation are first described in Chapters 2 and 3, before going on to discuss the various methods of calculating allowable

loads on single piles and groups of pilesin Chapters 4 to 6.
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CHAPTER 2
Typesof pile

2.1 Classification of piles

The British Standard Code of Practice for Foundations (BS 8004) places pilesin three categories. These are as follows.

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.

Small-displacement piles are al'so driven or jacked into the ground but have arelatively small cross-sectional
area. They include rolled steel H- or |-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.

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, concrete, or steel may be placed in drilled holes.

Types of pilesin each of these categories can be listed as follows.

L ar ge displacement piles (driven types)

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

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

4. Steel tube (driven with closed end).

5. Steel box (driven with closed end).

6. Fluted and tapered steel tube.

7. Jacked-down steel tube with closed end.

8. Jacked-down solid concrete cylinder.

L ar ge displacement piles (driven and cast-in-place types)

1. Steel tube driven and withdrawn after placing concrete.
2. Precast concrete shell filled with concrete.
3. Thin-walled steel shell driven by withdrawable mandrel and then filled with concrete.

Small-displacement piles

1. Precast concrete (tubular section driven with open end).

2. Prestressed concrete (tubular section driven with open end).

3. Steel H-section.

4. Steel tube section (driven with open end and soil removed as required).
5. Steel box section (driven with open end and soil removed as required).
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Replacement piles

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

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

3. Precast concrete units placed in drilled hole.

4. Cement mortar or concrete injected into drilled hole.

5. Steel sections placed in drilled hole.

6. Steel tube drilled down.

Composite piles

Numerous types of piles of composite construction may be formed by combining units in each of the above categories, or by
adopting combinations of pilesin more than one category. Thus composite piles of a displacement type can be formed by
jointing atimber section to a precast concrete section, or a precast concrete pile can have an H-section jointed to its lower
extremity. Composite piles consisting of more than one type can be formed by driving a steel or precast concrete unit at the
base of adrilled hole, or by driving atube and then drilling out the soil and extending the drill hole to form a bored and cast-
in-place pile.

Selection of piletype
The selection of the appropriate type of pile from any of the above categories depends on the following three principal
factors.

The location and type of structure.
The ground conditions.
Durability.

Considering the first factor, some form of displacement pileisthefirst choice for amarine 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 atubular precast concrete pileis used. Stedl 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
temporary worksin 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 penetration depth of atubular pile
driven through water and soft soil to afirm 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 working loads. Augered
piles are also suitable where it is desired to avoid ground heave, noise and vibration, i.e. 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.

The second factor, ground conditions, influences both the material forming the pile and the method of installation. Firm to
stiff cohesive soils favour the augered bored pile, but augering without support of the borehole by a bentonite slurry, cannot
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 cohesive
soils or in weak rocks. Driven and driven-and-cast-in-place piles cannot be used in ground containing boulders or other
massive obstructions, nor can they be used in soils subject to ground heave, in situations where this phenomenon must be
prevented.

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 either a driven pile or a mandrel-driven thin-
walled shell pile would be suitable. For hard driving conditions, e.g., boulder clays or gravelly soils, athick-walled steel
tubular pile or a steel H-section can withstand
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heavier driving than a precast concrete pile of solid or tubular section. Thin steel shell piles are liable to tearing when being
driven through soils containing boulders or similar obstructions.

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

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 ground-water level, and in marine structures 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 ground waters. Cast-in-place concrete
piles are not so resistant to aggressive substances because of difficultiesin 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.
Steel piles can have along life in ordinary soil conditionsif they are completely embedded in undisturbed soil but the
portions of apile exposed to sea water or to disturbed soil must be protected against corrosion by cathodic meansif along
lifeisrequired.

Other factors influence the choice of one or another type of pile in each main classification, 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 requirements (including dimensional tolerances) and workmanship are given in a publication of the Institution
of Civil Engineers(2.1).

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 apiled 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 working load carried. The most important consideration is the overall cost of the foundation work
including the main contractor’ s costs and overheads.

It has been noted in Chapter 1 that a piling contractor is unlikely to quote a fixed price based on a predetermined length of
pile. Extra payment will be sought if the piles are required to depths greater than those predicted at the tendering stage. Thus
acontractor’s previous experience of the ground conditions in a particular locality isimportant in assessing the likely pile
length on which to base his tender. Experience is al'so an important factor in determining the extent and cost of a preliminary
test piling programme. This preliminary work can be omitted if a piling contractor can give an assurance from his knowledge
of the site conditions that he can comply with the engineer’ s requirements for |oad-settlement criteria. The cost of test piling
can then be limited to that of proof-loading selected working piles.

If this experienceis not available, preliminary test piling may be necessary to prove the feasibility of the contractor’s
installation method and to determine the |oad-settlement relationship for a given pile diameter and penetration depth. If a
particular piling system is shown to be impracticable, or if the settlements are shown by the test loading to be excessive, then
considerable time and money can be expended in changing to another piling system or adopting larger-diameter or longer
piles. During the period of this preliminary work the main contractor continues to incur the overhead costs of his site
organization and he may well claim reimbursement of these costsif the test-piling work extends beyond the time allowed in
his constructional programme. To avoid such claimsit is often advantageous to conduct the preliminary test piling before the
main contractor commences work on the site.

Finally, 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 difficulties, are factors which may influence the choice
of aparticular piling system.

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 isreadily cut
to length and trimmed after driving, and in favourable conditions of exposure durable species have an amost indefinite life.
Timber piles used in their most economical form consist of round untrimmed logs which are driven butt uppermost. The
traditional British practice of using squared timber may have become established because of the purchase for piling work of
imported timber which had been squared for general structural purposes in the sawmills of the country of origin. The practice
of squaring the timber can be detrimental to its durability since it removes the outer sapwood which is absorptive to creosote
or some other liquid preservative. The less absorptive heartwood is thus exposed and instead of a pile being encased by a
thick layer of well-impregnated sapwood,
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thereisonly athin 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 ground-water level, are resistant to fungal decay and have an almost indefinite life.
However, the portion above ground-water level in astructure on land isliable to decay. Although creosote or other
preservatives extend the life of timber in damp or dry conditions they will not prolong its useful life indefinitely. Therefore it
isthe usual practice to cut off timber pilesjust below the lowest predicted ground-water level and to extend them above this
level in concrete (Figure 2.1a). If the ground-water level is shallow the pile cap can be taken down below the water level

(Figure 2.1Db).

Timber pilesin marine structures are liable to be severely damaged by the mollusc-type borers which infest the sea-water in
many parts of the world, particularly in tropical seas. The severity of thisform of attack can be reduced to some extent by
using softwood impregnated with creosote, or greatly minimized 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 preservative. If thisis not done the bark
reduces the depth of impregnation. Also the bark should be removed from piles carrying uplift loads by skin friction in case it
should become detached from the trunk, thus causing the latter to slip. Bark need not be removed from piles carrying
compression loads or from fender piles of uncreosoted timber (hardwoods are not treated because they will not absorb
creosote or other liquid preservatives).

Commercially-available timbers which are suitable for piling include Douglas fir, pitch pine, larch, and Western red cedar, in
the softwood class, and greenheart, jarrah, opepe, teak and European oak in the hardwood class. The timber should be
straight-grained and free from defects which could impair its strength and durability. BS 8004 states that a deviation in
straightness from the centre-line of up to 25mm on a 6m chord is permitted for round logs but the centre-line of a sawn
timber pile must not deviate by more than 25mm from a straight line throughout its length. The Swedish Code SBS-S23:6
(1968) permits a maximum deviation of 1% of length between two arbitrarily selected measuring points which must be at
least 3m apart.

The requirements of BS 8004 of the working stresses in timber piles merely state that these should not exceed the green
permissible stresses given in CP 112 for compression parallel to the grain for the species and grade of timber being used. The
Code suggests that suitable material will be obtained from stress grades ss and better. Grade stresses in accordance with BS
5268 (which replaced CP 112) are shown in Table 2.1, for various classes of softwood and hardwood suitable for piling

work. The working stresses shown in Table 2.1 for the hardwoods are considerably higher than those of the comparable
grades of softwood. It should be noted that the stressesin Table 2.1 are for dry timber. Timber piles are usually in awet
environment when the multiplying factors shown in Table 2.2 should be used to convert



Table 2.1 Grade stresses and moduli of elasticity of some softwoods and tropical hardwoods suitable for
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bearing piles
BS 5268: Part 2:1984 (valuesin N/mma2)
Standard Grade Bending Tension Compression Compression Shear Modulus of
name parallel to pardlel to pardlel tograin  perpendicular to parallel to elasticity
grain® grain® Mean Minimum
Douglas fir Sy 6.2 3.7 6.6 24 0.88 11000 7000
MSS
Pitch pine SS 10.5 6.3 11.0 3.2 1.16 13500 9000
Larch SS 7.5 4.5 7.9 2.1 0.82 10500 7000
Douglas SS 7.5 4.5 7.9 2.4 0.85 11000 7500
fir-larch GS 53 3.2 6.8 2.2 0.85 10000 6500
Western SS 57 3.4 6.1 1.7 0.63 8500 5500
red cedar GS 4.1 2.5 52 16 0.63 7000 4500
(imported)
Greenheart HS 26.1 15.6 23.7 5.9 2.6 21600 18000
Jarrah HS 13.8 8.2 14.2 3.1 2.0 12400 8700
Opepe HS 17.0 10.2 17.6 3.8 2.1 14500 11300
Teak HS 13.7 8.2 134 3.1 1.7 10700 7400

Notes: * Stresses agpplicable to timber 300mm deep (or wide).

T When the specifications specifically prohibit wane at bearing areas, the SS and HS grade perpendicular to the grain, stress may be multiplied by
1.33 and used for all grades.

SS denotes specia structural grade (visually stressed graded).
HS denotes special structural grade (machine stress graded).
All stresses apply to long-term loading.

Table 2.2 Modification factor K2 by which dry stresses and moduli should be multiplied to obtain wet stresses

and moduli applicable to wet exposure conditions

Property Value of K2
Bending parallel to grain 0.8
Tension parallel to grain 0.8
Compression parallel to grain 0.6
Compression perpendicular to grain 0.6
Shear parallel to grain 0.9
Mean and minimum modulus of elasticity 0.8

the dry stress properties to the wet conditions. When cal culating the working stress on a pile, alowance must be made for

bending stresses due to eccentric and lateral loading and to eccentricity caused by deviations in the straightness and

inclination of apile. Allowance must also be made for reductionsin the cross-sectional area due to drilling or notching and to
the taper on around log.
The requirements of codes of practice in various countries are shown in Table 2.3. It may be seen from thistable that, in

addition to specifying a maximum working stress, some codes limit the maximum load which can be carried by a pile of any

diameter. Thislimitation 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 also 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.

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 mobilize

the required skin-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 atimber pile to the depth required for a given load
without damage, or whether it is preferable to reduce the working 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 required. The temptation to continue
hard driving in an attempt to achieve an arbitrary set for compliance with some dynamic formula must be resisted. Cases
have occurred where the measured
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Table 2.3 Code of practice requirements for working stresses in timber piles

Country

Code

Working stress

Other requirements

United
Kingdom

BS 8004

Not to exceed permissible green stress
in CP 112 for compression parallel to
grain (See Tables 2.1 and 2.2)

Allowance to be made for drilling or
notching. Higher stresses permitted during
driving

USA

New York City Building
Code (1985)

8.3N/mm2 for southern pine, Douglas
fir, oak or other wood of comparable
strength. 5.9N/mm? for cedar, Norway
pine, spruce or other wood of
comparable strength

Piles 12m or more in length and of 300kN
capacity or less shall be deemed to be
adequate if they conform as follows. Piles of
250 to 300kN capacity shall bein Class A
timber or minimum 200mm tip with

uniform taper. Piles of less than 250kN
capacity, shall bein Class A or B timber or
minimum 150mm tip with uniform taper.
All piles driven to end bearing on to rock or
hardpan shall be in Class A timber with
minimum 200mm tip and with uniform
taper. (Classes of timber defined in
Reference Standard RS 11-7)

If type of timber is not specified, contractor
must use only coniferous wood. Taper not to
be more than 10mm in 1m. Mean diameter
can be up to £ 30mm on specified diameter.
Sawn timber not to be less than 160mm
wide. For pile length less than 6m, mean
diameter to be 250mm (£ 20mm). For pile
length equal to or greater than 6m, mean
diameter to be 200mm (x 20mm) plus
10Lmm, where L is embedded length in
metres

Germany DIN 4026 Class |l DIN 4074 Sheets 1 and 2

Sweden SBS—S23:6

4.AN/mm?2 Working stress should be 20% lower for a

jointed pile

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 minimized 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. This necessitates the use of a heavy hammer
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 German Code (DIN 18304) limits the hammer drop to 2.0m normally and to 2.5m exceptionally.
The lightness of atimber pile can be an embarrassment when driving groups of piles through soft clays or siltsto a point
bearing on rock. Frictional resistance in the soft materials can be very low for afew days after driving, and the effect of pore
pressures caused by driving adjacent pilesin the group may cause the piles already driven to rise out of the ground due to
their own buoyancy relative to that of the soil. The only remedy isto apply loads to the pile heads until all the pilesin 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 (Figures 2.2aand 2.2b). A sguared 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 insertion
of hardwood packing.

Commercialy available timbers are imported in lengths of up to 18m. If longer piles are required they may be spliced as
shown in Figure 2.3. A splice near the centre of the length of a pile should be avoided since this is the point of maximum
bending moment when the pileislifted 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 positionsin order to distribute the stresses
caused by driving and loading evenly over the full cross-section. The Swedish piling code SBS-S23:6 (1968) requires joints
between two timber elements or between atimber and a concrete element to be capable of carrying atensile force of 150kN
without exceeding the yield load of the joint structure.
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2.2.2 Precast concrete piles
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Precast concrete piles have their principal usein marine and river structures, i.e. in situations where the use of driven-and-
cast-in-situ pilesisimpracticable or uneconomical. For land structures unjointed precast concrete piles are frequently more
costly than driven-and-cast-in-situ 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 pileisin the ground, and if mainly compressive loads are carried, the majority of

this stedl is redundant.
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Fig. 2.4 Splicing timber pilesin multiple lengths

2 The precast concrete pile is not readily cut down or extended to suit variationsin 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. Where
large numbers of piles areto beinstalled in easy driving conditions the savings in cost due to the rapidity of driving achieved
may outweigh the cost of the heavier reinforcing steel necessary. 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 stratum
savingsin the overall quantity of concrete compared with cast-in-situ piles can be achieved since higher working 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 ensured. The problem of varying the length of the pile can be overcome by adopting
ajointed type.

From the above remarks it can be seen that there is still quite awide range of employment for the precast concrete pile,
particularly for projects where the costs of establishing a precasting yard can be spread over alarge number of piles. The
piles can be designed and manufactured in ordinary reinforced concrete, or in the form of pre-tensioned or post-tensioned
prestressed concrete members. The ordinary reinforced concrete pileis likely to be preferred for a project requiring afairly
small number of piles, where the cost of establishing a production line for prestressing work on site is not justifiable and
where the site istoo far from an established factory to alow the economical transportation of prestressed units from the
factory to the site. In countries where the precast concrete pile is used widely, e.g., in Holland and Sweden, the ordinary
reinforced concrete pileis preferred to the prestressed design in amost all circumstances.

Precast concrete pilesin 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 are usually manufactured with a hollow interior in hexagonal,
octagonal or circular sections. The interiors of the piles can be filled with concrete after driving. Thisis necessary 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. To avoid excessive flexibility while handling and driving the usual maximum lengths of
square section piles and the range of working loads applicable to each size are shown in Table 2.4.
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Where piles are designed to carry the applied loads mainly in end bearing, e.g., 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. Thisis practised widely in Holland where the standard enlargements are 1.5 to 2.5 times the shaft width
with alength equal to or greater than the width of the enlargement.

Table 2.4 Working loads and maximum lengths for ordinary precast concrete piles of square section

Pilesize Range of working loads Maximum length
(mm square) (kN) (m)
250 200-300 12
300 300450 15
350 350-600 18
400 450-750 21
450 500-900 25

BS 8004 requires that piles should be designed to withstand the loads or stresses and to meet other serviceability
requirements during handling, pitching, driving and in service in accordance with the current standard Code of Practice for
the structural use of concrete. If nominal mixes are adopted a 40-grade concrete with a minimum 28-day cube strength of
40N/mm? is suitable for hard to very hard driving and for all marine construction. For normal or easy driving, a 25-grade
concrete is suitable. This concrete has aminimum 28-day cube strength of 25N/mm?2. High stresses, which may exceed the
handling stresses, can occur during driving and it is necessary to consider the serviceability limit of cracking. BS 8110 states
that National Standards and Codes of Practice require cracks to be controlled to maximum widths close to the main
reinforcement ranging from 0.3mm down to 0.1mm in an aggressive environment, or they require that crack widths shall at
no point on the surface of the structure exceed a specified width, usually 0.3mm. The German Code (DIN 4026) does not
regard cracks” due to driving that are narrower in width than 0.15mm as detrimental. In Germany the concrete quality must
be in accordance with DIN 1045 with a crushing strength at the time of lifting of 22.7N/mm2. The Swedish Code also
permits cracks of up to 0.2mm in width with alength not exceeding one-half of the pile circumference for transverse cracks,
or 100mm for longitudinal cracks.

To comply with the requirements of BS 8110 precast piles of either ordinary or prestressed concrete should have nominal
cover to the reinforcement as follows.

Nominal cover for concrete grade of
Exposure conditions 25 30 40 50 and over
Buried concrete and concrete continuously under water 40mm 30mm 25mm 20mm
Alternate wetting and drying and freezing 50mm 40mm 30mm 25mm
Exposed to sea water and moorland water with abrasion — — 60mm 50mm

The requirements of BS 8004 and other foundation codes are shown in Table 2.5.

The proportion of main reinforcing steel in the form of longitudinal barsis determined by the bending moments induced
when the pileislifted from its casting bed to the stacking area. The magnitude of the bending moments depends on the
number and positioning of the lifting points. Design data for various lifting conditions are dealt with in 7.2. In some cases the
size of the externally applied lateral or uplift loads may necessitate more main steel than is required by lifting considerations.
Lateral steel in the form of hoops and linksis provided to prevent shattering or splitting of the pile during driving. Code of
practice requirements for the proportion of longitudinal steel, hoops and links are shown in Table 2.5. In hard driving
conditionsit is advantageous to place additional lateral steel in the form of ahelix at the head of the pile. The helix should be
about two pile widths in length with a pitch equal to the spacing of the link steel at the head. It can have zero cover where the
pile head isto be cut down for bonding to the cap.

A design for a precast concrete pile to comply with BS 8004 for easy driving conditions is shown in Figure 2.5a. A design for

alonger octagonal pile suitable for driving to end bearing on rock is shown

* These are permissible provided that the piles are not damaged to any degree judged to be detrimental.
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Table 2.5 Code of practice requirements for reinforcement in precast concrete piles

Country Code Longitudinal steel Type and diameter of
lateral steel
United BS 8004 To provide for lifting, handling and
Kingdom superstructure loads and for tensile

forces caused by ground heave

Germany DIN 4026 Ditto. Not less than 0.8% cross- Hoops or links not less
sectional areafor piles more than 10m |than 5mm diameter
long. Solid rectangular piles: 4 bars
not less than 14mm diameter placed
in corners. Round piles: 5 bars 14mm
diameter equally spaced

USA New York City Building Code (1985) Min 2% of cross sectionin Hoops or links not less
symmetrical pattern of at least 4 bars [ than 5.7mm diameter

American Concrete Institute Recommendations [ Min 1.5%, max 8% of cross-section. [ Spiral or not less than

2.8 (1974) At least 6 bars for round and 6mm diameter
octagonal piles. At least 4 bars for
square piles
Sweden SBS-S23:6 (1968) Unstressed: Min diameter 12mm, max

diameter 25mm. Effective cross-
sectional area at least 1.2% of cross-
section for Class B piles and 0.6% of
cross-section for Class c piles

in Figure 2.5b. The design of a prestressed concrete pile in accordance with the recommendations of BS 8110 and the

Concrete Society’ s data sheet(2:2) is shown in Figure 2.6.

Prestressed concrete piles have certain advantages over those of ordinary reinforced concrete. Their principal advantageisin
their higher strength to weight ratio, enabling long slender unitsto be lifted and driven. However, slendernessis not always
advantageous since a large cross-sectional area may be needed to mobilize sufficient resistance in skin friction and end
bearing. The second main advantage 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.

The nomina mixes for precast reinforced concrete piles are related to the severity of driving, and the working stresses
appropriate to these mixes are shown in Table 2.6.

For economy in materials, prestressed concrete piles should be made with designed concrete mixes with a minimum 28-day
works cube strength of 40N/mm2. It may be noted from Table 2.6 that some codes specify a maximum load which can be
applied to a precast concrete pile of any dimensions. Asin the case of timber piles thislimitation is to prevent unseen damage
to piles which may be over-driven to achieve an arbitrary set given by a dynamic pile-driving formula.

Concrete made with ordinary Portland cement is suitable for al normal exposure conditions but sul phate-resisting cement
may be needed for aggressive ground conditions sa discussed in Chapter 10.

Metal shoes are not required at the toes of precast concrete piles where they are driven through
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Volume of stedl at head
and toe of pile

Volume of steel in body of
pile

Cover

Other requirements

0.6% gross volume over
distance of 3x pile width from
each end

0.2% of gross volume spaced
at not more than # xpile width

AsBS 8110

Lapping of short bars with main
reinforcement to be arranged to avoid
sudden discontinuity

Spaced at 50mm centres over | Spaced at 120mm centres Not less than 30mm for main
1m length at each end steel. Increase to 40mm for
corrosive conditions
Spaced at 75mm centres over | Spaced at 305mm centres Not less than 40mm For hollow piles, min thickness of

distance of 3xpile width

Spaced at not more than
150mm centres

Normal exposure 50mm.
Marine exposure 75mm

wall not less than 100mm. Hoops or
links for hollow pilesto extend over

distance of 3.66m from each end or 3
xpile length whichever is smaller

Within distance of 1m from
ends of pile or element. Links
(calculated on 2x area of each
bar) must be able to carry
total force of 98kN when
stress in links may be max. of
fv/1.5 or 255N/mm?

Spaced at not more than
20mm for unstressed piles and
not more than 150mm for
prestressed piles

Normal exposure: 30mm.
Aggressive conditions 45mm

Must be deformed bars for
longitudinal steel. Longitudinal
reinforcement for unjointed pile
longer than 13m and all jointed piles
to carry tensile force equal to tensile
stress of at least 4.9N/mm2 on pile
cross-sectional areafor which tensile
stress may be max of O.8fy for Class B

piles and fyfor Class c piles

soft or loose soils into dense sands and gravels or firm to stiff clays. A blunt pointed end (Figure 2.7a) appearsto 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 maintaining alignment during driving. A cast-iron or cast-steel shoe fitted to a pointed toe may be 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) isdesirable. Thisisa
hollow-ground hardened steel point. When the pileis 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 asmall drop. As soon asthereis an indication 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 by George Wimpey and Co. on the pilesillustrated 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:EN2 with a Brinell hardness of 400 to 600 was employed. The
89mm point was machined concave to 12.7mm 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.

Piles may be cast on mass concrete beds using removable side forms of timber or steel (Figure 2.8). Thereinforcing cageis
suspended from bearers with spacing forks to maintain alignment. Spacer blocks to maintain cover are undesirable. The stop
ends must be set truly square with the pile axis to ensure an even distribution of the hammer blow during driving. Vibrators
are used to obtain thorough compaction of the concrete and the concrete between the steel and the forms should be worked
with a dlicing tool
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Table 2.6 Code of practice requirements for working stresses in precast concrete piles
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Country

Code

Compression in concrete

Related to compressive
strength

Tensionin
reinforcing steel

Remarks

United
Kingdom

BS 8004

Required to conform to
BS 8110

Germany

DIN 4026

Compressive strength to
be at least 22N/mm2 at
time of lifting and 34N/
mm? at time of driving

USA

American Concrete I nstitute

Recommendations 2.8 (1974)

National Building Code (1967)
New York City Building Code
(1985)

0.33u
w

0.225u
w

0.25u
W

O.5fy or 165N/mm?

0.40f
y

Use 10% lessfor trestle
pilesand piles
supporting piers, docks
and other marine
structures

Tensile stressin steel *
207N/mm?2 Max load on
pile driven to hardpan
over rock not to exceed
996kN unless higher
load substantiated by
loading tests

Sweden

SBS-523:6 (1968)

Class C: Square piles
with concrete strength of
39N/mm?2 and 55
000mm2 and 75 000mm?2
in area.

Working loads not to
exceed 330kN and
450kN respectively
Class B: Square piles
with concrete strength of
49N/mm?2 and 55
000mm?2 and 75 000mm?
in area.

Working loads not to
exceed 450kN and
660KN respectively
Class A: Quality of
concrete not inferior to
Class B. Allowable loads
in excess of 600kN
checked by driving and
loading tests

France

DTU 13.2 (1978)

0.25u
W

Maximum permissible
COMpression stress on
concrete 8N/mm?
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Fig. 2.7 Shoes for precast (including prestressed) concrete piles

(a) For driving through soft or loose soils to shallow penetration into dense granular soils or firmto stiff clays;
(b) Pointed end, suitable for moderately deep penetration into medium-dense to dense sands and firmto stiff
clays; (c) Cast-iron or cast-steel shoe for seating pile into weak rocks or breaking through cemented soil layer;
(d) *Odlo’ point for seating pile into hard rock
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to eliminate honeycombed patches. The casting beds must be sited on firm ground in order to prevent bending of the piles
during and soon after casting. After removing the side forms the piles already cast may be used as side forms for casting
another set of pilesin between them. If thisis done the side forms should be set to give atrapezoidal cross-section in order to
facilitate release. Piles may also be cast in tiers on top of each other, but a space between them should be maintained to allow
air to circulate (Figure 2.9). Casting in tiersinvolves arisk of distortion of the piles due to settlement of the stacks. In
addition, the pileswhich arefirst to be cast are the last to be lifted which isin the wrong order, since the most-mature piles
should be the first to be lifted and driven.

Where piles are made in a factory, permanent casting beds can be formed in reinforced concrete with heating e ements
embedded in them to allow a 24-hour cycle of casting and lifting from the moulds. This method of construction was used by
Soil Mechanics Ltd. to cast prestressed concrete piles at Drax Power Station in Y orkshire2-3), where the large number of
piles cast (18500) justified the establishment on site of an elaborate casting yard such as would be used in a precast concrete
factory. The reinforced concrete formwork is shown in Figure 2.10. This type, which does not have removable side forms,

necessitates the embedment of lifting plugs or loops into the tops of the piles.

The layout of the casting yard at Drax is shown in Figure 2.11. The strand reels were set on carriers at one end of the four
rows of casting beds, with the winches for tensioning the strand at the opposite end. Each casting bed had five lines of forms.
The provision of electric heating elements enabled the concrete to achieve its release strength of 27.6N/mm?2 in 40 to 48
hours. An average of 300 piles per week, with a peak of 400 in aweek, were manufactured. Two coats of whitewash were
used as arelease agent, as it was found that mould oil did not give a sufficiently thick coating to prevent the piles
occasionally ‘locking-in’ to the moulds, in spite of a1 in 10 taper on the sides. The oil also contaminated the prestressing
strand.
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Fig. 2.9 Timber formwork for precast concrete piles
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Fig. 2.10 Heated concrete moulds for prestressed concrete piles

When piles are cast within wooden side forms the latter should be removed as soon as possible, and wet curing by water
spray and hessian maintained for a seven-day period. As soon as crushing tests on cubes indicate that the piles are strong
enough to be lifted they should be slightly canted by careful levering with a bar and packing with wedges to release the
suction between the pile and the bed. The lifting slings or bolt inserts may then be fixed and the pile lifted for transporting to
the stacking area. This operation of first canting and lifting must be undertaken with great care since the piles have still only
a comparatively immature strength and any cracks or incipient cracks formed at this stage will open under driving stresses.
The piles should be clearly marked with areference 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 pilesin 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 only at the lifting positions. If they are misplaced
there could be arisk of excessive bending stresses developing and cracking occurring, as shown in Figure 2.12.

Prestressed concrete piles of hollow cylindrical section are manufactured by centrifugal spinning in diameters ranging from
400 to 1626mm.

John Mowlem and Co. cast 915 hollow cylindrical piles near the site of the Esso Oil Jetty at Milford Haven(24). Five piles
were cast ssimultaneously on a 150m long casting bed. The 698mm and 559mm outside-diameter sections were formed to the
required 76mm wall thickness by using internal moulds consisting of tarred building paper wrapped around lightly tensioned
wires. The wires were kept in position by internal spacers of weak concrete. After completion of casting the concrete spacer
discs were pulled out by a‘go-devil’ after which the wires were withdrawn by pulling them with a tractor.

Bridges totalling 12.5km in length form part of the 25km causeway linking Bahrain Island with the mainland of Saudi Arabia
(2. Each of the two two-lane box girder spans are supported by single 3.5m OD prestressed concrete piles. The tubular
sections have awall thickness of 350mm and were cast vertically in short sections, then assembled horizontally linked by
prestressed wires into units, and lifted by a 1000-tonne crane barge for pitching and installing by a drilling process.

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

One of the principal problems associated with precast concrete piles is unseen breakage due to hard driving conditions. These
conditions are experienced in Sweden where the widely used jointed or unjointed precast concrete piles are driven through
soft or loose soils onto hard rock. On some sites the rock surface may slope steeply, causing the pilesto deviate from atrue
line and break into short sections near the toe. Accumulations of boulders over bedrock can aso cause the pilesto be
deflected with consequent breakage. Because of these experiences the Swedish piling code recommends quite elaborate
precautions in the driving process and of means to detect breakage. Considerable importance is attached to the provision of a
central inspection hole in the pile. Thisis provided in test piles and sometimes in a proportion of the working piles. Also,
whenever apileis known or suspected to be broken the adjacent replacement pile must have such a central hole, but for
reasons of economy the hole is not specified for all working piles on atypica site; however, al high-capacity piles (Class A
in Table 2.6) are required to have the hole.

The standard central inspection hole has an internal diameter of 42mm; it is made by embedding a metal tube with awall
thickness of 1.2 to 1.5mm along the axis of the pile. Before driving the pile the axis of the hole should not deviate from the
true alignment by more than 5mm in an unjointed pile (or in the body of a 5m long jointed pile) or by more than 1mm
through apilejoint. A check for deviation of the pile from line is made by lowering a steel tube of 36mm outside diameter
with awall thickness of 8mm and 1.8m in length down the hole. If such atube can be lowered to the bottom of the hole
under its own weight the pile should not be bent to aradius which would impair its structural integrity. If therod jamsin the
hole it isthe usual practice to bring an inclinometer to the site to
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Fig. 2.11 Casting yard for prestressed concrete piles at Drax Power Station
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Fig. 2.12 Misplaced packing in stacks of precast concrete piles

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 ajointed pile.

Breakages are due either to tensile forces caused by driving with too light a hammer in soft or loose soils, or to compressive
forces caused by driving with too great a hammer drop on to a pile seated on a hard stratum: in both cases 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 provision of a
central test hole will again enable crushing of the pile due to failure in compression to be detected.

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.

The ‘Hercules' pile, developed in Sweden by AB Scanpile and driven under licence in the UK by Hercules Piling Ltd. hasa
hexagonal cross-section, and is shown in Figure 2.13 with arock shoe incorporating an Oslo point. The precast concrete units
are locked together by a steel bayonet-type joint to obtain the required bending and tensile resistance.

The Hercules piles are factory-made and in the UK two square and two hexagonal sizes are manufactured in standard lengths
of 6.1m, 9.2m and 12.2m. The properties of the available sizes are shown in Table 2.7. A 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 claimed that penetrations of up to 90m are possible. The Swedish code requires al pileslessthan 12m long to be un
jointed.

Other types of jointed precast concrete piles are the West's * Hardrive’ made in lengths of 2.5, 5 and 12m in 285mm square
sections suitable for working loads of up to 800kN; the Europile 500 which is a 272x290mm triangular section in unjointed
lengths up to 14m for working loads up to 707kN; and the Europile 750 which is a 275mm sguare section in unjointed
lengths up to 15m for working loads up to 1080kN. It has been pointed out that the skin friction mobilized by clay on the
shaft of atriangular pile may be less than that of acircular or hexagonal pile of the same volume per unit length(2:63. The
West

Table 2.7 Dimensions and properties of ‘Hercules' piles as manufactured in the UK

Hexagonal Square
Type of pile H 800 H 1300 S550 S730/750
Maximum safe working load* (kN) 1300 2000 700 1200
Cross-sectional areat (mm?) 80000 130000 55225 72900/75625
Dimension b (Figure 2.13) 505 388 235 270/275
Dimension d (Figure 2.13) 176 224 235 270/275
Perimeter (mm) 1056 1344 940 1080/1100
Volume (m3/m) 0.080 0.130 0.055 0.073/0.076
Mass (kg/m) 200 325 137 182/190
Surface area (m2/m) 1.06 1.34 0.94 1.08/1.10

* Safe working load is dependent on length of pile and soil properties.
T Units of up to 206000mm2 are manufactured in Sweden by AB Scanpile.
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Fig. 2.13 ‘Hercules' jointed precast concrete pile with ‘Oslo’ rock point

segmental pile which consists of 280mm cylindrical sections 1m long with a 70mm central hole is suitable for working loads
of up to 300kN. The West’s Hardrive and the Europile sections can be provided with rock shoes similar to that shownin
Figure 2.13 or flat butt ends.

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 driving 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 to bending caused by any deviation from alignment the pile may break up into separate units with a
complete loss of bearing capacity (Figure 2.14). This type of damage can occur with keyed or locked joints when the piles
are driven heavily, for example to break through thin layers of dense gravel. The design of thejoint is, in fact, a critical factor
in the successful employment of these piles. The Swedish Code SBS-S 23:6 requires that the splice must be equal in ultimate
resistance to the unspliced pile section in bending, tension, and compression. Tests to determine these properties of a jointed
section are made after subjecting the section to test driving when jointed to a pile section already seated on rock. Where hard
driving conditions are anticipated the jointed pile should be provided with a central hole for all preliminary test piles and for
aproportion of the working piles.

The PMI pile was developed in Malaysia mainly for the foundations of light structures. It consists of 82x82mm solid square
sections 3m long. The sections are precast and pre-tensioned with a single 4mm wire using 50N/mm? concrete. Each section
IS pushed into the ground by a 20-tonne jack with a stroke of 3.65m and successively jointed by amild steel box-section
sleeve and epoxy resin. A jacking force of 157kN is used for the nominal maximum working load of 78kN.

The Franki ‘Miga’ pileisajointed precast concrete pile consisting of short cylindrical units which are jacked into the soil. It
Is used for underpinning work as described in Chapter 9.

2.2.4 Sted piles

Stedl piles have the advantages of being robust, light 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 skin-
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 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.
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Fig. 2.14 Unseen breakage of precast concrete piles with welded butt joints

Types of steel pilesinclude plain tubes, box-sections, H-sections, and tapered and fluted tubes (Monotubes). Hollow-section
piles can be driven with open ends. 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 3.4.3). It is not always necessary 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 sea bed in marine structures or in disturbed ground can be protected by cathodic means, supplemented by bituminous or
resin coatings (see Section 10.4). Concrete filling may be undesirable in marine structures where resilience, rather than
rigidity, isrequired to deal with bending and impact forces.

Where hollow-section piles are required to carry high compressive |oads 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 circumstances the soil plug within the pile may itself develop the required base resistance (Figure 4.10 and
4.32).

Concrete filling of light-gauge steel tubesis required after driving is completed because the steel may be torn or buckled or
may suffer corrosion losses. Piles formed from thin steel shells driven by means of an internal mandrel, which is withdrawn
before filling the shells with concrete, are described in 2.3.3.

The facility of extending steel pilesfor driving to depths greater than predicted from soil investigation data has already been
mentioned. The practice of welding-on additional lengths of pilein the leaders of the piling frame is satisfactory for land
structures where the quality of welding may not be critical. 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 sea-bed level in a zone subjected to high lateral
forces and corrosive influences. Conditions are not conducive to first-class welding when the extension pileis held in leaders
or guides on afloating vessel, or on staging supported by piles swaying under the
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Fig. 2.15 Fabrication yard for steel tubular piles at Milford Haven

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 (Figure 2.15). 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 8.14) from which to install the pilesis then advantageous.

Where very long lengths of steel tubular piles are required to be driven, asin the case of off-shore petroleum production
platforms (Section 8.2), they cannot be handled in a single length by cranes. They can be driven by underwater hammers, but

for top-driven piles the Rockwell pile connector is auseful device for joining such lengths of pile without the delays which
occur when making welded joints. This form of connector (Figure 2.16) was developed for joining lengths of oil well
conductor pipe and has been adapted for making connections in piles. It consists of a collar on which are formed specially-
shaped segmental projections that lock with projections on asimilar collar welded to the mating pile and are capable of
resisting tensile forces. The collar can either be a projecting type giving aflush internal surface or can be made flush with the
outer pile surface. Internal flush types are used where insert piles are required to be driven, but external flush types are
needed where the clearance with the sleeve in jacket-type structures is small and where skin friction must be mobilized if the
connectors are driven below the soil surface. Long steel tubular piles driven within the tubular members of ajacket-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 actsasa‘dolly’ or follower for the final stages of driving, can be withdrawn for use when
driving other piles, by means of ajoint made with the Rockwell connector. The latter can be recovered by a special latching
device as the topmost length of pileislifted out of the jacket.
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Fig. 2.16 The Rock well connector for jointing steel tubular piles

Where stedl tubular piles are required to be spliced below the ground surface and compressive loads only are carried, the
‘Advance’ purpose-made splicing devices manufactured by the Associated Pile and Fitting Corporation of USA can be used.
The splicer consists of an external collar which is slipped on to the upper end of the pile section already driven andisheld in
position by an internal lug. The next length of pileisthen entered into the collar and driven down. The APF * Champion’
splicer is used for H-piles and consists of apair of channel sections set on the head of the pile length already driven to act as
aguide for placing and then welding-on the next length.

Stedl 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 tools. They are also preferred for marine
structures where they can be fabricated and driven in large diametersto resist the lateral forces in degp-water structures. The
circular shape is also advantageous in minimizing drag and oscillation from waves and currents (see 8.1.3 and 8.1.4). The

hollow section of atubular pile is aso 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 alarge 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 in Britain in standard outside diameters ranging from 273 to 2134mm. The Japanese steel
industry produces tubes in the standard range of 318.5 to 3048mm OD. Tubes for piles are manufactured as seamless,
spirally-welded and longitudinally-welded units. There is nothing to choose between the latter two types from the aspect of
strength to resist driving stresses. In the spiral welding process the coiled steel strip is continuously unwound and spirally
bent cold into the tubular form. The joints are then welded from both sides. A 2m diameter spirally-welded pile is shownin
Figure 3.8. In the longitudinally-welding process a steel plate is cut and bevelled to the required dimensions then pressed or

rolled into tubular form and welded along the linear joints. The spiral method has the advantage that a number of different
sizes can be formed on the same machine, but there is a limitation that plate thicknesses more than about 25mm cannot be
handled. Thereis also some risk of weld ‘unzipping’ from the pile toe under hard driving conditions. This can be prevented
by a circumferential shoe of atype described below.

Piles driven in exposed deep water locations are fabricated from steel plate in thicknesses up to 62mm by the longitudinal
welding process. Specia large-diameter piles can be manufactured by the process. Piles for marine terminals at Cook Inlet,
Alaska, are subjected to lateral forces from floating ice. Gerwick(2:6) described the installation of 4m diameter by 50mm wall
thickness piles by a combination of driving and periphera jetting (see 3.1.9).

Economiesin steel can be achieved by varying the wall thickness and quality of the steel. Thusin 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 athicker wall where bending moments are greatest, and the lower part, below sea bed, can bein
athinner mild steel or high-tensile steel depending on the severity of the driving conditions. The 1.3m OD steel tubular piles
used for breasting
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dolphins for the Abu Dhabi Marine Areas Ltd. tanker berth at Das Island (Figure 8.8) were designed by The British

Petroleum Company to have an upper section 24mm in thickness, a middle section 30mm in thickness and a lower section of
20mm in thickness. The overall length was 36.6m.

BSP International Foundations Ltd. also fabricate light spirally-welded mild steel tubular pilesin the range of sizes and
nominal working loads listed in Table 2.8. They are designed to be driven by a hammer working on top of the pile or by a
drop hammer acting on a plug of concrete in the bottom of the pile (see 3.2). These piles, known as ‘ cased piles’ are

essentially of light section and are designed to be filled with concrete after driving. In countries where heavy timbers are
scarce they have to some extent replaced timber piling for temporary stagings in marine or river work. The end of each pileis
closed by aflat 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.

Seel box piles are fabricated by welding together trough-section sheet piles (Larssen, Krupp, Hoesch, Unimetal and Esch-
Belval types), or specially-rolled trough plating (Frodingham, Arbed, Peine, and Union types). The types fabricated from
sheet piles are useful for connection with sheet piling forming retaining walls, for example to form awharf 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 connectionsto the flats. Plain flat steel plates can aso be welded together to form box
piles of square or rectangular section. Simple piles of this type were designed by George Wimpey and Co. for the approach
section of the Regent Oil Refining Company’sjetty at Milford Haven. They were 692x457mm in section, made up from
16mm steedl plate.

MYV piles are small square-section box piles ranging in size from 70mm square to 100mm square. They are driven with a
shoe of larger overall dimensions which forms an enlarged hole. This eliminates skin friction and enables the pilesto be
driven to the deep penetration required for their principal use as anchors to retaining walls. On reaching the design anchorage
depth a cement grout is injected to fill the annular space around the shaft. The grouted zone provides the necessary skin
frictional resistance to enable them to perform as anchors. They are fabricated by Hoesch AG Huttenwerke.

H-section piles 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. 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 ‘tightening’ 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 305x305mm in section were driven to depths of up to 49m
entirely in loose becoming medium-dense to dense sands, gravels, cobbles and boulders, which isindicative of the
penetrating ability of the H-pile.

The ability of these pilesto be driven deeply into stiff to very stiff clays and dense sands and gravels on the site of the
Hartlepools Nuclear Power Station isillustrated in Figure 2.17. On this site driving resistances of 355x368mm H-piles were
compared with those of precast concrete piles of similar overall dimensions. Both types of pile were driven by a Delmag D-
22 diesel hammer (see 3.1.4). Although the driving resistances of both types were roughly the same to a depth of about 14m,

(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 14.9m, whereas the H-piles were driven on to 29m without serious
damage, even though a driving resistance of 0.5mm/blow was encountered.

Table 2.8 Dimensions and nominal working loads for concrete-filled cased piles

Internal diameter Area of concrete Working load (kN) Working load (kN)
mm mm? for ordinary soil” for rock, etc.T
254 50670 150 200
305 72960 300 350450
356 99300 400 500-650
406 129700 500 600-850
457 164 100 650 800-1000
508 202700 800 1000-1300
559 245200 1000 1250
610 291 800 1200 1500

* Ordinary soil—Sand, gravel or very tiff clay.
T Rock, etc.—Rock, very dense sand or gravel, very hard marl or hard shale. (Information from BSP International Foundations Ltd., Note CP43)
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Fig. 2.17 Comparison of driving resistances of 355x% 355mm precast concrete piles and
355x 368mm H-section piles driven into glacial clays, sands and gravels in Hartlepools Power

Sation

Three of the H-piles were loaded to 3000kN without failure but three of the precast concrete piles failed at test loads of

between 1100 and 1500kN.

Because of their relatively small cross-sectional area, H-piles cannot devel op 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 areain
end bearing without appreciably reducting their penetrating ability. The bearing capacity of tubular piles can be increased by
welding T-sections on to their outer periphery when the increased capacity is provided by a combination of skin friction and
end bearing on the T-sections. This method was used to reduce the penetration depth of
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Fig. 2.18 Increasing the bearing capacity of steel piles with welded-on wings

1067mm OD tubular stedl piles used in the breasting dolphins of the Britoil Marine Terminal in Cromarty Firth. A trial pile
was driven with an open end through 6.5m of loose silty sand for a further 16m into a dense silty sand with gravel and
cobbles. The pile was driven by a Menck MRB 1000 single-acting hammer with a1.25m 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/200mm at 22.6m penetration. The pile was then cleaned out and plugged with concrete but failed under atest load of
6300KkN.

It was evident from the driving records that the plain piles showed little evidence of developing base resistance by plugging
and would have had to be driven much deeper to obtain 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 0.451x0.303x7.0m long
T-sections welded to the outer periphery in the pattern shown in Figure 2.18b. The marked increase in driving resistance of
thetrial pileisshown in Figure 2.19. The final resistance was approaching refusal at 194 blows/200mm at 19m below sea
bed. The winged pile did not fail under the test load of 6300kN.

A disadvantage of the H-pileis atendency to bend about its weak axis during driving. The curvature may be sharp enough to
cause failure of the pilein bending. Bjerrum(Z7) recommends that any H-pile having aradius of curvature of less than 366m
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 cohesionless soil 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 afailure in end bearing when the group is loaded (Figure 5.7).
The author observed a deviation of the toes of H-piles of about 500mm after they had been driven only 13m through sands
and gravels to an end bearing on sandstone at Nigg Bay in Scotland.
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Fig. 2.19 Comparison of driving resistance of open-end plain and winged tubular steel piles at
Britoil Tanker Terminal, Cromarty Firth

The curvature of H-piles can be measured by welding a steel angle or channel to the web of the pile (Figure 2.20). 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(2:8) at Lambton Power Station, Ontario, where 305mm and 355mm H-piles that were driven
through 46m of clay into shale had deviated 1.8 to 2.1m from the vertical with a minimum radius of curvature of 52m. The
pilesfailed under atest load, and the failure was attributed to plastic deformation of the pile shaft in the region of maximum
curvature.

In the UK H-pilesarerolled to BS 2566 as universal bearing piles (Figure 2.21a). Peine piles are broad-flanged H-sections
rolled by Stahlwerke Peine-Salzgitter AG of Germany. They are rolled with bulbs at the tips of the flanges (Figure 2.21b).

L oose clutches are used to interlock the piles into groups suitable for dolphins or fenders in marine structures. They can also
be interlocked with Larssen sections to strengthen sheet-pile walls. The Arbed-HZ piles rolled by Columeta of Luxembourg
are of similar design.

The Monotube pile fabricated by the Union Metal Manufacturing Company of USA isauniformly tapering hollow steel tube.
It is formed from steel which is cold-worked to a fluted section having atensile yield strength of 345N/mm?2 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 203mm and the shaft diameter increases to 305mm, 356mm,
406mm, or 457mm at rates of taper which can be varied to suit the required pile length. An upper section of uniform
diameter can be fitted (Figure 2.22), which is advantageous for marine work where the fluted section has satisfactory strength
and resilience for resisting wave forces and impact forces from small to medium-size ships. The tubes are fabricated in 3, 5,
7, 9 and 11 gauge steel. The heavier gauges enable piles
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Fig. 2.20 Ducts welded to webs of H-section piles for measurements of curvature by inclinometer

[ ¢
ﬁ ;
? :
¥ ¥
]

g g
] ¥
) ;
% . §

T T Ty
{a) Universal bearing pile (UK, Exropean arl USA (b)) Peine pile (Stahiwerke-Peine-Salzginer AG)

manufacire)
Fig. 2.21 Types of H-section steel piles

to be driven into soils containing obstructions without the tearing or buckling which can occur with thin steel shell piles.

2.2.5 Shoesfor 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 moder-

Uniform

Tapered
Séction

203mm (8")
Lip grameter

Fig. 2.22 Union Monotube pile (Union Metal Manufacturing Co.)
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ately 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 2.23a) may be used where it is necessary to develop the
full external skin frictional resistance of the pile shaft. An external ring (Figure 2.23b) is useful for reducing the skin 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 arock may split or tear the ring shoe of the type shownin
Figures 2.23a and 2.23b. 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 2.23c).

A shoe of thistype can be stiffened further by cruciform steel plates (Figure 2.24a). Buckling and tearing of an external
stiffening ring occurred when 610mm OD steel tube piles were driven into the sloping surface of strong limestone bedrock
(Figure 2.24Db).

Steel box piles can be similarly stiffened by plating unless they have a heavy wall thickness such that no additional
strengthening at the toe is necessary. Steel tubular or box piles designed to be driven with closed ends can have aflat mild
steel plate welded to the toe (Figure 2.25a) when they are terminated in soils or weak rocks. The flat plate can be stiffened 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 2.25b.

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
2.264), or purpose-made devices such as the * Pruyn Point’ manufactured in USA by the Associated Pile and Fitting
Corporation (Figure 2.26b) or the * Strongshoe’ and ‘ Jet shoe' manufactured in UK by Dawson Construction Plant Ltd.

2.2.6 Working stressesfor steel piles

The requirements of various codes of practice for steel tubular, box and H-section piles are shown in Table 2.9. The

American codes place a limit on the working stresses or on the maximum load which can be carried by a pile of any
dimensions. Thislimitation is again made as a safeguard against excessively hard driving.

BS 8004 requires steel for pilesto conform to BS 4360 Grades 43A, 50B ‘or other grades to the approval of the engineer’.
The selection of agrade of steel for a particular task depends on the environmental conditions as well as on the design
working stresses. For piles wholly embedded in the ground, or for pilesin river and marine structures which are not subjected
to severe impact forces, particularly in tropical or temperate waters, amild steel conforming to Grade 43A (minimum yield
strength 247N/mma2) or a high-tensile steel to Grade 50 (minimum yield strength 355N/mm?2) should be satisfactory.
However, piles for deep-water platforms or berthing structures for large vessels (see Chapter 8) are subjected to high
dynamic stresses from berthing impact and wave forces. In water at zero or sub-zero temperatures, thereisarisk of brittle
fracture under dynamic loading, and the effects of fatigue damage under large numbers of load repetitions and also of salt
water corrosion need to be considered. Steels must be

e
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Fig. 2.23 Srengthening toe of steel tubular piles

(a) Internal stiffening ring
(b) External stiffening ring
(c) Thick plate shoe
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Fig. 2.24a Strengthening shoe of tubular steel pile by cruciform plates

Fig. 2.24b Buckling and tearing of welded-on external stiffening ring to tubular steel pile driven
on to sloping rock surface
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selected to have a high impact value when tested at low temperatures. Steels conforming to the 50 or 55 gradesin BS 4360
are required to have minimum average and minimum Charpy V impact values of 2.4m/N and 2.0m/N respectively when

tested at 0°C. Piles or bracing members for deep-water structures may be required to be fabricated from plates 14 in or more
in thickness. The steel for such plates requires a greater brittle fracture resistance at |ow temperatures and the above impact
values are required to be met at —15°C. High-tensile alloy steel conforming to Grades 55 C or E in BS 4360 can meet these
requirements.

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
closed. A reinforcing cage is next placed in atube which isfilled with concrete. The tube is withdrawn while placing the
concrete or after it has been placed. In other types of pile, thin steel shells or precast concrete shells are driven by means of
an internal mandrel, and concrete, with or without reinforcement, is placed in the permanent shells after withdrawing the
mandrel.

Driven-and-cast-in-place piles have the principal advantage of being readily adjustable in length to
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Table 2.9 Code of practice requirements for working stresses on steel piles

Working stress in compression

Related to yield
Country Code strength N/mm? Remarks

United BS 8004 0.30fy(d) — (1) Where safety factor on driving resistance is
Kingdom 0.50fy(2) not greater than 2.

(2) For jacked piles or where end-bearing piles
are driven through relatively soft soilson to very
dense granular soils or sound rock. Steel to
conform to BS 4360.

Germany DIN 4026 — — H-sections to conform to DIN 17100.
Seaml ess stedl tubes to conform to DIN 1629.
Welded steel tubesto conform to DIN 17100.

USA American Concrete 0.35f 87 Minimum thickness of pipe piles 2.5mm. Cross-
Institute Y (max) sectional area of pipe pilesto be at least 3% of

Recommendations(2:9) gross cross-section.

Pipeto ASTM A252-609.

New York City 0.35f =248 Pipe piles min. thickness 3mm.
(1985) Y

B 248 H-piles min thickness 10mm.

Unless higher loads can be substantiated by a
specific load test procedure, the basic maximum
loads are as follows.

Open-ended pipes bearing on medium to hard
rock 2500kN for piles of 457mm OD or greater;
2000kN for 457mm or less OD. Closed-ended
piles bearing on medium to hard rock 1500kN;
open-ended pipes or H-piles bearing on soft
rock800KN;

closed or open-ended piles or H-piles bearing on
hardpan over rock 1000kN.

France DTU13.2 (1978) — 120 For building foundations using EN24-1 Stedl.

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. In the shell types, the length of the pile can be easily adjusted by adding or taking away the short units
which make up the complete shell. The withdrawable-tube piles are the most economical type of pile for land structures. 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, they can be installed more cheaply than any
other type of driven or bored pile. They aso have the advantage, which is not enjoyed by all types of shell pile, of allowing
an enlarged base to be formed at the toe. However, some codes of practice, notably that of New Y ork City, forbid the use of a
wholly uncased shaft for al forms of
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driven-and-cast-in-place pile, where these are installed in soft to firm clays or in loose to medium-dense sands and materials
such as uncompacted fill. These restrictions are the result of unfortunate experiences resulting from lifting of the concrete
while pulling out the driving tube, and of squeezing (‘waisting’) the unset concrete in the pile shaft where thisisformedin
soft clays or peat. The firmswho install these proprietary types of pile have adopted various techniques for avoiding these
troubles, such asinserting permanent light-gauge steel shells before placing the concrete. However, 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. If
these factors can be assured there is no reason why uncased piles of this type cannot be used in most soil conditions, and they
are extensively used in the widely ranging soil types found in the UK.

Piling rigs have not yet been developed to install driven-and-cast-in-place piles of the very large diameters which are
possible with driven thick-walled steel tubes or bored-and-cast-in-place piles. Thus the working loads are limited to the light
to medium range. Also the withdrawable-tube or thin-shell types are unsuitable for marine structures, but they can be
employed in marine situations if they are extended above the sea bed as columns or piersin steel or precast concrete.
Problems associated with ground heave when installing driven-and-cast-in-place piles in groups are discussed in 5.7.

2.3.2 Withdrawable-tube types

Descriptions of the various types of driven and cast-in-place piles are given in CIRIA report Review of bearing pile types
(2.10), The methods of installing these piles are essentially the same. A piling rig consisting of a mast, leaders and winch on a
track or roller-mounted frame (3.1) is used to support and guide the withdrawable tube. The latter is of heavy wall section
and itslower end is closed by an expendable steel plate. The tube is driven from the top by a simple drop hammer or by a
diesel or vibrating hammer. On reaching the required toe level, as predetermined by calculation or as determined by
measurements of driving resistance, the hammer islifted off and areinforcing cage islowered down the full length of the
tube. A highly workable self-compacting concrete is then placed in the tube through a hopper, followed by raising the tube
by a hoist rope operated from the pile frame. The tube may be filled completely with concrete before it islifted or it may be
lifted in stages depending on the risks of the concrete jamming in the tube. The length of the pile islimited by the ability of
therig to pull out the drive tube. This restricts the length to about 20m to 30m.

A variation of the above method is practised by Cementation Piling and Foundations Limited in their proprietary Franki pile.
This employs an internal drop hammer acting on a plug of gravel at the bottom of the drive tube. The drive tubeis carried
down with the plug until the required toe level is reached when the tube is restrained from further penetration by rope tackle.
Then the gravel plug and batches of dry concrete are hammered out to form a bulb or enlarged base to the pile. The
reinforcing cage is then inserted, followed by placing a semi-dry concrete in batches as the drive tubeis pulled out in stages.
After each stage of withdrawal the concrete is compacted by the internal hammer (Figure 2.27). The operations of driving by
internal hammer and concreting in stages are slower than the top driving method described above. 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 afurther variation of the Franki technique, the gravel plug can be hammered 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.

A full length reinforcing cage is always 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.

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 soilsis common to cast-in-place piles both of the driven and bored types. 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
cracksin the pile shaft of sufficient width to result in excessive settlement of the pile head under the working load. The
problem is particularly 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
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Fig. 2.27 Sagesininstalling a Franki pile

(a) Driving piling tube

(b) Placing concrete in piling tube
(c) Compacting concrete in shaft
(d) Completed pile

up. Hence there will be no skin frictional resistance available on the lined portion. This can be advantageous because
dragdown 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 working 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 3.4.5.

Allowable stresses on the shafts of these piles are influenced by the need to use easily workable self-compacting mixes with
aslump in the range of 100mm to 175mm and to make allowances for possible imperfections in the concrete placed in

unseen conditions. A cube compression strength in the range of 21N/mm? to 30N/mm? is usually adopted. BS 8004 limits the
working stress of 25% of the 28-day cube strengths giving allowable stresses of 5N/mm?2 to 7.5N/mm?2. For these values,
allowable loads for piles of various shaft diameters are as follows:

Nominal shaft diameter (mm) Allowable working load (kN)
300 350 to 500
350 450 to 700
400 600 to 900
450 800 to 1000
500 1000 to 1400
600 1400 to 2000

The higher ranges in the above table should be adopted with caution, particularly in difficult ground conditions.



The spacing of barsin the reinforcing cage should give ample space for the flow of concrete through
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Maximum working loads are as follows.
Nominal shaft diameter (mm) Nominal maximum working load (KN)

350 440
400 590
450 740
500 930
550 980
600 1500
715 2000

them. Bars of 5mm diameter in the form of aspiral or flat steel hoops used for lateral reinforcement should not be spaced at
centres closer than 100mm.

The Vibrex pileinstalled in Holland by Verstraeten BV and in Belgium by Fundex PVBA employsadiesdl or hydraulic
hammer to drive the tube which is closed at the end by aloose plate. A vibrating unit, which is clamped to the upper end of
the tube as it isdriven down, is then employed to extract the tube after the 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 pileisformed in shaft diameters of from 350 to 600mm and in lengths up to 38mm.

The Fundex pile installed by the same companies, is aform of screwpile. A helically-screwed drill point is held by a bayonet
joint to the lower end of the piling tube. The latter is then rotated by a hydraulic motor on the piling frame and at the same
time forced down by hydraulic rams. On reaching founding level, areinforcing cage and concrete are placed in the tube
which is then withdrawn. The Tubex pile also employs the screwed drill point, but the tubes are left in place for usein very
soft clays when ‘waisting’ of the shaft must be avoided. The tube can be drilled down in short lengths, each length being
welded to the one already in place. Thusthe pileis suitable for installation in conditions of low headroom, for example for
underpinning work.

The speciality of the Vibro pile is the method used to compact the concrete in the shaft by alternate upward and downward
blows of a hammer on the driving tube. 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 downward blow the concrete is compacted against the soil
(Figure 2.28). The blows are made in rapid succession which keeps the concrete ‘alive’ and preventsits jamming in the tube.

The Vibro pileisinstalled in the UK under the proprietary name ‘ Vibroform' by Piling Construction Ltd.

2.3.3 Shell types

Instead of steel lining tubes, precast concrete sections can be lowered down the temporary drive tube and bedded onto a layer
of cement mortar placed on the shoe. The space around the precast concrete
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sections can be filled with cement grout which isinjected as the drive tube is pulled out. The Positive pile is an example of
the technique. It was developed for use in the soft ground conditions in Singapore and has been used in Malaysia and Borneo.
Types employing a metal shell generally consist of a permanent corrugated steel lining tube which is locked onto a steel plate
or precast concrete shoe. The lining tube and shoe can be driven down by a collapsible mandrel which locks into the
corrugations. Alternatively the shoe can be driven down by atemporary drive tube followed by placing the liner and locking
it to the shoe, and then withdrawing the drive tube. The permanent liners are then filled with concrete and any necessary
reinforcing steel. The feature of these pilesis the provision for locking the lining tubes to the shoe, thus preventing uplift
when the drive tube or mandrel is pulled out.

In France cased piles varying in diameter from 150mm to 500mm are installed by welding a steel plate to the base of the
tubular section to project at least 40mm beyond the outer face of the steel. Asthe pileis driven down, a cement/sand mortar
with a minimum cement content of 500kg/m3 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 working load is designed to be carried
by the steel section. A working stress of 160N/mm? is permitted by the French Code DTU 13.2 for EN24~1 stedl. Thisis
higher than the value given in Table 2.9 for stedl piles, because of the protection given to the steel by the surrounding mortar.

Steel H or box sections can be given mortar protection in asimilar manner.

Raymond Sep-Taper Piles (Raymond Concrete Pile Co. USA) consist of helically-corrugated light-steel shells made in
2.44m, 3.66m and 4.88mm lengths, in diameters increasing progressively from 219mm to 441mm in nine increments. The
shells are assembled on an internal mandrel with the smallest size 219mm at the bottom, and the assembly increasing in
diameter and length as required by the design working loads (Figure 2.29). After driving is completed, the mandrel is
withdrawn and the tapered shell pileisfilled with concrete.

Where the required length of pileis greater than can be achieved by an assembly of standard units, the step-tapered pile can
be extended in length by fixing a steel tube onto the assembly. The diameter of the tube can be varied to suit the requirements
for carrying capacity.

The West’ s Shell Pile (West’ s Piling and Construction Co.) incorporates precast concrete shell units which are threaded onto
an internal mandrel that carries a detachable precast concrete conical shoe at its lower end. The shells are joined by
circumferential steel bands which are painted internally with

FZDmm (17T
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" steel shells

Smaliest tip
_J digmeter
: L-—- 218 mm Bﬂ")

Fig. 2.29 The Raymond step taper pile
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bitumen to make a watertight joint. On reaching founding level any surplus shells are removed, the mandrel is withdrawn and
areinforcing cage is lowered down the hollow shaft. Concrete is then placed to the required level. The driving head is
designed so that the main hammer blow is delivered to the mandrel, but a cushioned blow is aso made on the shells to ensure
that they move down with the mandrel. The stages in driving the West’ s pile are shown in Figure 2.30. The precast concrete
shells are reinforced with polypropylene fibres to increase their resistance to impact during driving. The West's pile has the
advantage of being readily adjustable in length by adding or removing the 914mm long shell units as required. Nominal
maximum working loads for the five shell sizes are as follows.

External diameter (mm)

Core diameter (mm)

Nominal maximum working load (kN)

381
406
444
508
533

276
276
305
381
381

650
650
800
1200
1200

In conditions giving rise to ground heave (see 5.7) the shells of piles already driven are liable to be lifted while driving
adjacent piles. This may result in excessive settlement when the piles are subsequently loaded. Pre-boring may be necessary
to overcome this difficulty. Also lifting or damage to the shells may occur if the mandrel deviates from atrue line while
driving past obstructions or onto a sloping bedrock surface.
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2.3.4 Working stresses on driven-and-cast-in-place piles

It can be seen from Section 2.3.3 that driven-and-cast-in-place piles encompass a wide variety of shapes, combinations of

materials, and installation methods. A common feature of nearly al typesisan interior filling of concrete placed in situ,
which forms the main load-carrying component of the pile. 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. The requirements for working stresses on
the core and shell or on the permanent driving tube are usually laid down in the various codes of practice (see Table 2.10).
These requirements can differ quite widely and sometimes rather illogically. It isusual to require aworking stress on the
concrete core which islower than that allowed for precast concrete piles. Thisis because the codes of practice take into
account possible deficiencies in workmanship during placing the concrete, or reductions in section of the pile shaft dueto
‘waisting’ or buckling of the shells.

Shell piles are more widely used in the USA than elsewhere and most of the American codes require the shellsto be at least
2.5mm thick before they can be permitted to carry a proportion of the load. Frequently awall thickness of 3mm is required.

2.4 Replacement piles

2.4.1 General

Replacement piles are installed by first removing the soil by adrilling process, and then constructing the pile by placing
concrete or some other structural element in the drilled hole. The ssimplest form of construction consists of drilling an unlined
hole and filling it with concrete. However, complications may arise such as difficult ground conditions, the presence of
ground water, or restricted access. Such complications have led to the devel opment 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. Thisis because the specialist drilling machines are available on sale or hire to any organization 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. There have been proprietary systems such as the Prestcore pile, which
incorporates precast unitsinstalled in the pile borehole, but these methods are largely obsolete.

There are two principal types of replacement pile. These are bored-and-cast-in-place piles, and drilled-in tubular (including
caisson) piles. A general description of the two types now follows. Mechanical plant for installing the piles and methods of
construction are described in Section 3.3.

2.4.2 Bor ed-and-cast-in-place piles

In stable ground an unlined hole can be drilled by hand or mechanical auger. If reinforcement is required alight cage is then
placed in the hole, followed 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 concrete. In stiff to hard clays and in weak
rocks an enlarged base can be formed to increase the end-bearing resistance of the piles (Figure 2.31). The enlargement is
formed by arotating expanding tool, or by hand excavation in piles having a large shaft diameter. A sufficient cover of stable
cohesive 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. The German Code DIN 4014 requires a cover of at least 1m of stable soil over the top of the enlargement, as shown in
Figure 2.31.

Bored piles drilled by hand auger are limited in diameter to about 355mm and in depth to about 5m. They can be used for
light buildings such as dwelling houses, but even for these light structures hand methods are used only in situations where
mechanical augers, as described in 3.3.1, are not available.

Bored piles drilled by mechanical spiral-plate or bucket augers or by grabbing rigs can drill piles with a shaft diameter up to
7.3m, but it isusual to limit the maximum size to 2.13m diameter to suit the auger plant generally available. Boreholes up to
120m deep are possible with the larger rotary auger machines. Under-reaming tools can form enlarged bases in stable soils
up to 7.3m in diameter. The size of enlarged bases formed by hand excavation is limited only by the practical considerations
of supporting the sloping sides of the base (Figure 2.31). It is also possible to drive headings by hand between adjacent piles

and to fill them with concrete to form a system of deep beam foundations (Figure 2.32). Rotary drilling equipment consisting

of drill heads with multiple rock roller bits have been manufactured for drilling shafts up to 8m in diameter.
For reasons of economy and the need to develop skin friction on the shaft, it isthe normal practice
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Table 2.10 Working stresses or maximum working loads in compression on driven-and-cast-in-place piles

Country

Code

Shell

Structural

core

Reinforcing
steel

Concretein
shaft

Remarks

United
Kingdom

BS 8004

0.25u
w

Concreteto have a
minimum cement
content of 300kg/m3

USA

American Concrete
Institute
Recommendations
(1974)

New York (1985)

0.35f
y

F248N,/mm?

0.50f

y

172N/mm?2

max

0.40f
y

206N/mm?2 max

0.40f

206N,/ mm®

0.33u
w

(unconfined)
0.4OuW

(confined)*

0.25u
W

* Steel shell confining
concrete to be not more
than 432mm in
diameter. Shell to be
14g(US) or thicker,
seamless or spiral

welded, f, < 206N/

mm2, not exposed to
corrosion and does not
carry part of working
load. Corrugated steel
shells not considered as
load-bearing

Metal shellsthinner
than 3mm not to
contribute to strength
of pile section. Max
working load not to
exceed 1 500kN for
bearing on intermediate
to hard rock, 600kN for
soft rock, 1000kN for
hardpan overlying rock

Germany

DIN 4014

Pile
diameter
(mm)

Max
working
load
(kN)

200
250

300
350
400 300
500 400

Minimum cement
content to be 350kg/m3

France

DTU 13.2 (1978)

Min 5 bars not
less than 12mm.
Sted| to be at least
0.5% of cross-
section. Helical
reinforcement
spaced at not
greater than
200mm pitch

5.5N/mm?

Minimum cement
content 350kg/ m3,
minimum cover to
reinforcement 40mm.
Working stresses can
be increased to 6N/
mm? if tubeis
extracted by vibrator

Sweden

SBS-S23:6 (1968)

Concrete to have
minimum crushing
strength of 39N/mm2
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Fig. 2.31 Under-reamed base enlargement to a bored-and-cast-in-place pile
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Fig. 2.32 Interconnecting bored-and-cast-in-place piles by hand-driven headings

to withdraw the casing during or after placing the concrete. Asin the case of driven-and-cast-in-place piles this procedure
requires care and conscientious workmanship by the operativesin order to prevent the concrete being lifted by the casing,
and thus resulting in voids in the shaft or inclusions of collapsed soil.

The shafts or bored-and-cast-in-place piles are liable to ‘necking’ or ‘waisting’ in soft clays or peats. Sometimes a permanent
casing of light spirally-welded metal is provided over the portion of the shaft within these soil types, but this measure can
cause problemsin installation (see 3.4.6).

Reinforcement is not always needed in bored-and-cast-in-place piles unless uplift loads are to be carried (uplift may occur
due to the swelling and shrinkage of clays). Reinforcement may also be needed in the upper part of the shaft to withstand
bending moments caused by any eccentricity in the application of the load, or by bending moments transmitted from the
ground beams (see 7.9). However, it is often a wise precaution to use afull length reinforcing cage in piles where temporary

support by casing is required over the whole pile depth. As noted in 2.3.2, the cage acts as awarning against the concrete
lifting as the casing is extracted. The need to allow ample space between the bars for the flow of concreteisagain
emphasised.

Working stresses for concrete in bored-and-cast-in-place piles required by various codes of practice are shown in Table 2.11.
Continuous flight auger or auger injected piles, generally known as CFA piles, are installed by drilling with arotary
continuous-flight auger to the required depth. In stable ground above the water table the auger is then removed and a sand-
cement grout is pumped through a flexible pressure hose that has been fed down to the bottom of the unlined hole. Thistype
of pileisreferred to as cast-in-place. In unstable or water-bearing soils a flight auger is used with a hollow stem closed at the
bottom by a plug. After reaching the final level afairly fluid cement-sand mortar, or a concrete made with coarse aggregate
not larger than 20mm, is pumped down the stem and fills the void as the auger is slowly withdrawn with or without rotation
(Figure 2.33). Thusthe walls of the borehole are continually supported by the spiral flights and the soil within them, and by
the mortar asit is pumped in, the
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Fig. 2.33 Pumping grout to form an auger-injected pile

resulting pile having a cylindrical shaft. Reinforcing steel can be pushed into the fluid mortar to a depth of about 12m.
Exceptionally, reinforcing cages up to 17m long were pushed down into the 30m long piles for the foundations of the
approach viaducts to the Dartford Bridge. In some cases vibrators were used to assist penetration. With both types of pile the
cement-sand mortar or concrete is mixed with a plasticizer to improve its ‘ pumpability’, and an expanding agent is used to
counter the shrinkage of the grout while it is setting and hardening. The shaft diameters range from the minipile sections
(about 100mm) to 1m. Working loads are governed by code of practice rel ationships between permissible stress and
compression strength of the sand-cement grout or fine concrete (Table 2.11).

In granular soils a hollow-stem auger can be used in conjunction with wing drill bitsto mix the soil in place with a cement
grout pumped down the stem. Continuous flight augers have been developed in Germany for drilling pile boreholes up to
1.5m in diameter.

The CFA pile has considerable advantages over the conventional bored pile in water-bearing and unstable soils. Temporary
casing is not needed, and the problems of concreting underwater are avoided. The drilling operations are very quiet and
vibrations are very low making the method suitable for urban locations. However, in spite of these considerable advantages
the CFA pile dependsfor itsintegrity and load bearing capacity, as much as any other in-situ type of pile, on strict control of
workmanship. Thisis particularly required where a high proportion of the load is carried in end bearing. Whereas with
conventional bored piles the quality of the soil or rock at the toe can be checked by examining drill cuttings or by probing, in
the case of the CFA pile asuitably resistant layer can only be assumed to be present by the increase in torque on the drill
stem, as perceived by the driller or measured by atorque meter, or by instrumentation to compare the revolution rate of the
drill stem with the rate of penetration of the auger. The drill cuttings from toe level do not reach the surface until after
concrete or mortar injection has been completed. There are also doubts 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 thisreason it is advisable either to assume a base
diameter smaller than that of the shaft or to adopt a conservative value for the allowable end bearing pressure.

The CFA pileis best suited for ground conditions where the majority of the working load is carried by skin friction, and the
ground is free from large cobbles and boulders. Care is also needed to adjust the rate of withdrawing the auger to the rate of
injecting the mortar or concrete. If the auger is raised too quickly the surrounding soil can collapse into cavities formed
around the auger stem. The rate of raising the auger can be controlled by instruments monitoring the pressure and quantity of
injected material. Because of the problems described above it is desirable to specify that CFA piling rigs should be provided
with instruments to measure concrete flow rates and the torque on the drill stem, or the revolution/ penetration rate of the
auger.

Further information on equipment and installation of CFA pilesis given in a paper by Derbyshire(2.11), and the report of a
discussion at the Ingtitution of Civil Engineers(2.12),

2.4.3 Drilled-in tubular piles

The essential feature of the drilled-in tubular pileisthe use of atube 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
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Table 2.11 Working stresses and maximum working loads in compression on bored-and-cast-in-place piles
(including drilled-in tubes)

Country

Code

Tube

Structural
core

Reinforcing
steel

Concretein
shaft

Remarks

United
Kingdom

BS 8004

0.25u
w

Concrete to have a cement
content not less than 300kg/

m3

USA

American Concrete

Institute

Recommendations

(1974)

Chicago

New Y ork (1985)

0.35f
y

87N/
mm?2
max

0.35f
y

248N/
mm?2

0.50f
y

172N/mm?2
max

0.50f
y

> 248N/
mm2

0.40f
y

206N/mm2
max

0.40fy
F 206N/mm?2

0.33u
w

(unconfined)
0.40u,,

(confined)*

0.25u
w

0.25u
w

* Steel shell confining the
concrete to be not greater than
432mm in diameter. Shell to be
14g (US) or thicker. Seamless

or spiral welded; fy <: 206N/

mm?2. Not exposed to corrosion
and does not carry part of
working load. Corrugated steel
shells not considered as load
bearing

Where permanent lining tubeis
provided, maximum allowable

stressis 0.3y + .5tfy/D but not
greater than 0.4uW (wheretis

thickness and D is diameter of
tube)

Min thickness of tube to be
3mm before it can contribute to
structure strength of pile. Max
working load not to exceed 1
500kN for piles bearing on
medium to hard rock, 800kN
for bearing on soft rock and
1000kN for bearing on hardpan
over rock. Max loads can be
exceeded if substantiated by
load tests. No upper limit for
caisson piles with structural
steel core. Uncased piles
permitted only when borehole
can be kept free of water during
placement of concrete and sides
and bottom can be inspected
before placement

Germany

DIN 4014

Min cement content 350kg/m3
(400kg/ms3 for concrete placed
under water). Min 5 reinforcing
bars 14mm diameter.
Longitudinal steel to be 0.8%
of gross cross-sectional area.
Cover 30mm (50mm in
aggressive ground)

Max load on piles

Without With
enlarged base  enlarged base
Diameter Max Size Max
(mm) load of load
(kKN) base (kN)
(mm)
300 200 600 300



350 250 700 380

400 300 800 470
500 400 900 550
1000 650
France DTU 13.2 (1978) Min 5 bars not 5.5N/mm2 6N/ |Concrete placed in dry hole
lessthan 12mm. | mm?2 Concrete placed in dry hole,
Steel to be not 5N/mm?2 5.5N/ | casing extracted by vibrator
less than 0.5% mm2 Concrete placed underwater by
Cross-section. tremie pipe
: 5N/mm?2
Helical Concrete placed underwater by
reinforcement tremie pipe, casing extracted by
spaced at not vibrator
greater than Concrete placed under
200mm pitch bentonite
Sweden SBS-S26:3 (1968) — — Concrete to have minimum

crushing strength of 39N/mm2
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ground with or without an in-filling 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 3.3.4. The tube can be continuously rotated by
a hydraulically-powered rotary table or be given a semi-rotary motion by means of a casing oscillator.

The drilled-in tubular pile is auseful method for penetrating ground containing boulders or other massive obstructions, heavy
chiselsbeing 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 the tubes into the rock. In this respect the drilled-in tubular pileis a good
type for forming berthing structures for large ships. These structures have to withstand high lateral and uplift loads for which
athick-walled tube is advantageous. In rock formations the resistance to these loads is provided by injecting a cement grout
to fill the annulus between the outside of the tube and the rock forming the socket (Figure 2.34).

= Tubular steel pile

1 S

T SEEbEﬂ'

Fig. 2.34 Drilled-in steel tubular pile with grouted annulus

In the USA steel H-sections are lowered inside the drilled-in tubes and concrete is placed within the tubes to develop full end
bearing on the pile and to ensure full interaction between tube, H-section ‘core’ and concrete. Because of the area of steel
provided by the combined steel and concrete sections, very high loads can be carried by these * caisson’ piles where they are
end bearing on a hard rock formation. Code of practice requirements for these and other forms of drilled-in tubular piles are
included in Table 2.11.

Steel tubular piles can be used for underpinning work by jacking them into the ground and cleaning out the soil as described
in9.2.2.

2.5 Composite piles

Various combinations of materialsin 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 ground-water
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 ground-water level, which isjoined to alower timber section by a
sleeved joint of the type shown in Figure 2.3. The same method can be used to form piles of greater length than can be
obtained using locally available timbers.

Alternatively a cased borehole may be drilled to below water level, atimber pile pitched in the casing and driven to the
required depth, and the borehole then filled with concrete. Another variation of the precast concrete-timber composite pile
consists of driving ahollow 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 sea-water and a steel H-pile below the soil line. The H-section can be driven deeply to develop the
required uplift resistance from skin friction.

Generally, composite piles are not economical compared with those of uniform section, except as a means of increasing the
use of timber pilesin countries where this material isreadily 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
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driven at the bottom of drilled-in tubes, the operation of removing the soil and obtaining a clean interior in which to place
concrete istedious and is liable to provoke argument as to the standard of cleanliness required.

2.6 Minipilesand micropiles

Minipiles are defined in CIRIA report PGI(2.10) as piles having a diameter of less than 300mm. Generally they range in shaft
diameter from 50 to 300mm, with working loads in the range of 50 to 500kN. The term ‘micro-pil€’ is given to thosein the
lower range of diameter. They can be installed by avariety of methods. Some of these are:

(i) Driving small-diameter steel tubes followed by injection of grout with or without withdrawal of the tubes,

(it) Driving thin wall shellsin steel or reinforced concrete which are filled with concrete and left in place,

(iii) Drilling holes by rotary auger, continuous flight auger, or percussion equipment followed by placing areinforcing
cage and in-situ concrete in amanner similar to conventional bored pile construction (Section 2.4.2).

(iv) lacking-down steel tubes, steel box-sections, or precast concrete sections. The sections may be jointed by sleeving or
dowelling.

The principal use of minipilesisfor installation in conditions of low headroom, such as underpinning work (Section 9.2.2),
or for replacement of floors of buildings damaged by subsidence.

2.7 Factor s gover ning choice of type of pile

The advantages and disadvantages of the various forms of pile described in 2.2 to 2.5 affect the choice of pile for any
particular foundation project and these are summarized as follows:

Driven displacement piles

Advantages

1. Material forming pile can be inspected for quality and soundness before driving.
2. Not liableto *squeezing’ or ‘necking'.

3. Construction operations not affected by ground water.

4. Projection above ground level advantageous to marine structures.

5. Can be driven in very long lengths.

6. Can be designed to withstand high bending and tensile stresses.

Disadvantages

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

2. May break during driving, necessitating replacement piles.

3. May suffer unseen damage which reduces carrying capacity.

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

5. Noise and vibration due to driving may be unacceptable.

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

7. End enlargements, if provided, destroy or reduce skin friction over shaft length.

8. Cannot be driven in conditions of low headroom.

Driven-and-cast-in-place displacement piles

Advantages

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

2. Driving tube driven with closed end to exclude ground water.

3. Enlarged base possible.

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

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

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

1. Concrete in shaft liable to be defective in soft squeezing soils or in conditions of artesian water flow where
withdrawable-tube types are used.

2. Concrete cannot be inspected after installation.

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

4. Displacement may damage fresh concrete in adjacent piles, or lift these piles, or damage adjacent structures.
5. Noise and vibration due to driving may be unacceptable.

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

7. Cannot be driven with very large diameters.

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

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

Bored-and-cast-in-place replacement piles

Advantages

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

2. Sail or rock removed during boring can be inspected for comparison with site investigation 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 7.3m 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 beinstalled in very long lengths.

8. Can be installed without appreciable noise or vibration.

9. No ground heave.

10. Can be installed in conditions of low headroom.

Disadvantages

1. Concrete in shaft liable to squeezing or necking in soft soils where conventional types are used.

2. Specia techniques needed for concreting in water-bearing soils.

3. Concrete cannot be inspected after installation.

4. Enlarged bases cannot be formed in cohesionless soils.

5. Cannot be extended above ground level without special adaptation.

6. Low end-bearing resistance in cohesionless soils due to loosening by conventional drilling operations.
7. Drilling anumber of pilesin group can cause loss of ground and settlement of adjacent structures.

Choice of pile materials

Timber is cheap relative to concrete or stedl. It islight, easy to handle, and readily trimmed to the required length. It isvery
durable below ground-water level but isliable to decay above thislevel. In marine conditions softwoods and some
hardwoods are attacked by wood-boring organisms. Timber piles are unsuitable for heavy working loads.

Concrete is adaptable for awide range of pile types. It can be used in precast form in driven piles, or as insertion unitsin
bored piles. Dense well-compacted good-quality concrete can withstand fairly hard driving and it is resistant to attack by
aggressive substances in the soil, or in seawater or ground water. However, concrete in precast pilesisliable to damage
(possibly unseen) in hard driving conditions. Weak, honeycombed concrete in cast-in-place pilesis liable to disintegration
when aggressive substances are present in soils or in ground water.

Seel 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 resilience and strength in bending, and their capability to carry heavy
loads. 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 protection if along life is desired in marine structures. Long
steel piles of slender section may suffer damage by buckling if they deviate from their true alignment during driving.
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CHAPTER 3
Piling equipment and methods

There was aworld-wide increase in the construction of heavy foundations in the period from 1950 to the 1970s as a result of
developmentsin high office buildings, heavy industrial plants and shipyard facilities. The same period also brought the major
developments of offshore oilfields. A high proportion of the heavy structures required for al such developmentsinvolved
piled foundations, which brought about a great acceleration in the evolution of piling equipment. There were increasesin the
size and height of piling frames, in the weight and efficiency of hammers, and in the capacity of drilling machinesto install
piles of ever-increasing diameter and length. The development of higher-capacity machines of al types was accompanied by
improvements in their mobility and speed of operation.

The development of piling equipment proceeded on different lines in various parts of the world, depending mainly on the
influence of the local ground conditions. In Northern Europe the precast concrete pile continued to dominate the market and
thisled to the development of light and easily handled piling frames. These were used in conjunction with self-contained
diesel hammers and winches, with the minimum of labour and without the need for auxiliary craneage, steam boilers or air
compressors. The stiff clays of the mid-western states of America and the Great Lakes area of Canada favoured large-
diameter bored piles, and mobile rotary drilling machines were developed for their installation. By contrast, the presence of
hard rock at no great depth in the New Y ork area favoured the continuing development of the relatively slender shell pile
driven by an internal mandrel. The growth of the offshore oil industry in many parts of the world necessitated the
development of an entirely new range of very heavy single-acting steam and hydraulically powered hammers designed for
driving large-diameter steel piles guided by tubular-jacket structures. In the present day the increasing attention whichis
being given to noise abatement is influencing the design of pile hammers and the trend towards forms of pile that are
installed by drilling methods rather than by hammering them into the ground.

Great Britain has awide variety of soil types and the tendency has been to adopt a range of piling equipment selected from
the best types developed in other parts of the world for their suitability for the soil conditionsin any particular region.

With the advances in the techniques of installing large-diameter bored piles, and the increasing popularity of these types for
the foundations of heavy structures, it did appear at one stage that the capability of the bored pileto carry very heavy loads
would outstrip that of the driven pile. However, with the stimulus provided by the construction of marine facilities for large
tankers and deep-water oil-production platforms, the driven type of pile can now be installed in very large diameters that
approach and in some cases exceed those of the larger bored piles.

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. The principal types of equipment in each category are described, but the reader should refer to
manufacturers handbooks 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.

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 maintainsit in position co-axially
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with the pile. The essential parts of a piling frame are the leaders or leads, which are stiff members of solid, channel, box, or
tubular section held by alattice or tubular mast that isin turn supported at the base by a moveable carriage and the upper
level by backstays. The latter can be adjusted in length by atelescopic screw device, or by hydraulic rams, to permit the
leaders to be adjusted to atruly 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 leadersin order to permit pilesto 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
ontherig.

The Menck tubular frame of German manufacture (Figure 3.1) has a single box-section leader to which the pile and hammer

are held by bolted clamps. The Menck frame is made in five sizes with useful heights (under the hammer or helmet) ranging
from 17.5m to 35m. These frames can drive at forward, backward and sidewaysrakesof 1in4,1inl1,and1in6
respectively, and can carry hammers with afalling ram of up to 20 tonne in mass. Frames of this type are used most
frequently for marine work where they are operated from stagings, jack-up platforms or pontoons.

The German Delmag piling frames (Figures 3.2 and 3.3) have tubular or latticed tubular leaders and stays with jaw
attachments for the pile and hammer. They range in size from 7.5m to 18.4m of useful height. The largest size can lift apile
having a mass of 6 tonne.

In the USA the practice is to guide the pile between the leaders. The pile head is guided by a cap or helmet which hasjaws on
each side that engage with 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.

The Menck and Delmag frames shown in Figures 3.1 to 3.3 are designed to be light and easy to erect but they rely on

wheeled carriages for stability and movement across the site. British and American practice favours heavier crawler-mounted
machines with their greater mobility on rough ground. The Swedish Akermanns rigs are also crawler-mounted. The
Akermanns M 14-5P (Figure 3.4) has a useful height of 21m. It has a box-section leader designed to operate with a 5-tonne
drop hammer or a Delmag D22 diesel hammer. The leader can be adjusted by hydraulic ramsto forward and backward rakes
of 26° and 45° respectively.

The Junttan PM 25 hydraulic piling rig, manufactured in Finland, has a box-section leader 22.5m high connected to the base
crawler machine at the top by a pair of hydraulic arms and at the foot by a single hydraulic ram. These attachments enable
the leader to be raked forwards and backwards by 18° (1:3) and 40° (1:1.2) respectively and lateral raking up to 12° (1:5). A
hydraulic hammer of 10.1 tonne mass can be handled by thisrig.

The Dawson DCP light tractor-mounted piling rig operates with a DCP/Krupp hydraulic hammer (see Table 3.2) or a

vibratory hammer. The hydraulically-operated telescopic |eaders are capable of raking and they can ‘crowd’ the pile with a
force of 64kN. Therig is suitable for driving steel H-pilesup to 12.5m long.

Piling frames can be designed for specific purposes. The American-designed ‘moon-beam’ frame (Figure 3.5) is used for
driving raking pilesin pairsfor jetty structures. A flat angle of rake (1 in 2.4) is possible and the sideways rake prevents the
piling frame from becoming locked to the pile on arising tide, which can happen when driving from a pontoon-mounted rig
with only a backward or forward rake.

3.1.2 Crane-supported (hanging) leaders

Although the complete piling rig with its base frame and |eaders supported by a stayed mast provides the best means of
ensuring stability and control of the alignment of the pile, there are many conditions which favour the use of |eaders
suspended from a standard crawler crane. Rigs of this type have largely supplanted the frame-mounted leaders for driving
long pileson land in the UK and USA. The usual practiceisto link the leaders by the head of the crane jib and to control
their verticality or backward or forward rake by means of adjustable stays near the foot of the leaders. The latter bear on the
ground through an enlarged foot which can be levelled by a screw jack. BSP International Foundations Ltd. TL series |leaders
(Figure 3.6) have heights of 19.0m and 21.9m and carry hammers of up to 3 tonne mass.

The 610mm and 835mm square section lattice leaders have a height to the cathead of 22.5 and 38m respectively, and can
carry combined pile and hammer loads of 13 tonne and 21 tonne respectively.
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Fig. 3.1 Menck tubular piling frame

Backward and forward rakes of up to 1.3 are possible depending on the stability of the crawler crane.

Thereisapractical 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 ahorizontal position close to the piling rig. The hammer
is already attached to the leader and drawn up to the cathead. The pileisthen lifted into the leaders using aline from the
cathead and secured by toggle bolts. The helmet, dolly and packing are then placed on the pile head (Figure 3.21) and the
assembly is drawn up to the underside of the hammer. 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
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to correct for vertically or to bring the pile to the intended rake. The problem is concerned with the available height beneath
the hammer when it isinitially drawn up to the cathead. Taking the example of leaders with a usable height of 20.5m in
conjunction with a hammer with an overall length of 6.4m, after allowing a clearance of 1m between the lifting lug on the
hammer to the cathead and about 0.4m for the pile helmet, the maximum length of pile which can belifted into the leadersis
about 12.7m. A somewhat longer pile could be handled if the leaders were of atype which allows vertical adjustment.
Occasionally it may be advantageous to use |eaders independent of any base machine. Thusif only two or three piles are to
be driven, say as test piles before the main contract, the leaders can be guyed to ground anchors and operated in conjunction
with a separate petrol or diesel winch. Guyed leaders are slow to erect and move, and they are thus not used where many
piles are to be driven, except perhaps in the confines of a narrow trench bottom where a normal rig could not operate.

3.1.3 Trestleguides

Another method of supporting a pile during driving isto use guidesin the form of a moveable trestle. The pileis 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 3.7). The hammer is supported only by the pile and is held in alignment with it by leg guides on the hammer
extending over the upper part of the pile shaft. Because of flexure of the pile during driving there is a greater risk, especialy
with raking
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Fig. 3.2 Delmag GF.22 piling frame
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Fig, 3.5 ‘Moon-beam’ piling frame
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Fig. 3.6 BSP International Foundations Ltd. TL type triangular hanging pile leaders (shown with
BSP V.15 double-acting diesel hammer)

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 guidesis usually confined to steel piles where thereisless risk of damage to the pile head by eccentric blows.
When driving long steel raking pilesin guidesit 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 manufactured in Germany. Their
principal useisfor mounting 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 is by hydraulic rams. Hydraulically operated pile clamps or gates are
mounted on the travelling carriage at two levels and are moved transversely by electric motor, again with final adjustment by
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Fig, 3.7 Trestle guides for tubular raking pile

hydraulic rams allowing the piles to be guided either vertically or to raking positions. Guides provided by hydraulic clamps
at 3m vertical intervals cantilevering from the side of a piling barge are shown in Figure 3.8. The guide system was designed

and operated by Seyzi Turkes-Feyzi Akkayafor driving 2.0m diameter steel tube piles for the foundations of the new Galata
Bridge in Istanbul (3.1).

Trestle guides can be usefully employed for rows of pilesthat are driven at close centres simultaneously. The trestle shown in
Figure 3.9 was designed by George Wimpey and Co. for the wall foundations of Harland and Wolff s shipbuilding dock at

Belfast(3:2). Three rows of five 356x368mm 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. The latter completes the second stage
of driving to the final penetration (Figure 3.10).

3.1.4 Piling hammers

The ssimplest form of piling hammer is the drop hammer, which is guided by lugs or jaws sliding in the |eaders and actuated
by the lifting rope. The drop hammer consists of a solid mass or assemblies of forged stedl, the total mass ranging from 1
tonne to 5 tonne. The striking speed is slower than in the case of single- or double-acting hammers, and when drop hammers
are used to drive concrete piles thereisarisk of damage to the pile if an excessively high drop of the hammer is adopted
when the driving becomes difficult. There has been arevival of interest in the ssimple drop hammer because of itsfacility to
be operated inside a sound-proofed box, so complying with noise abatement regulations (see 3.1.7). Drop hammers are not
used efficiently when operated from a pontoon-mounted piling frame working in open waters, since the height of the drop
cannot be controlled when the pontoon is rising and falling on the waves. However, they can be used effectively in sheltered
waters. The American Vulcan hammer, which has been designed to operate within the leaders, is shown in Figure 3.11. The
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Fig. 3.8 Barge-mounted pile guides with hydraulically-operated clamps
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Fig. 3.11 Vulcan drop hammer

Swedish Akermanns hammer (Figure 3.12) consists of an assembly of steel blocks, each with a mass of 1 tonne. Up to five

blocks can be used to give a hammer of 5 tonne mass, with jaws to enable the assembly to operate in front of the Akermann
box-section leader.

The single-acting hammer is operated by steam or compressed air, which lifts the ram and then allows it to fall by gravity.
BSP single-acting hammers of the type shown in Figure 3.13 range in mass from 2# tonne to 15 tonne with a maximum
height of fall of 1.37m. The single-acting hammer is best suited to driving timber or precast concrete piles, since the drop of
each blow of the hammer islimited in height and isindividually controlled by the operator. BSP International Foundations
Ltd. has developed a solenoid system for controlling the drop of a single-acting hammer with the objective of accurate
control with an infinitely variable stroke and the elimination of operator fatigue, the operator normally controlling the drop
manually by arope from theinlet valve. The single-acting hammer is also suitable for driving all types of pilein stiff to hard
clays, where a heavy blow with asmall drop is more efficient and less damaging to the pile than alarge number of lighter
blows. The steam or air supply for both single-acting and double-acting hammers should be at least 125% of the nominal
consumption stated by the hammer manufacturer. The characteristics of the various types of single-acting hammer are shown
in Table 3.1.

The ram of hydraulic hammersisraised by hydraulic fluid under high pressure to a predetermined height, and then allowed
to fall under gravity or isforced down onto the pile head. The BSP hydraulic hammer is shown in Figure 3.14. A hydraulic

actuator is activated by a solenoid-operated control valve which raises the piston rod. At the required stroke height the flow
of the hydraulic fluid is cut off. Pressures within the actuator then equalize allowing the ram to decelerate as it approaches
the top of its stroke. The hammer then falls freely under gravity and repositions the piston rod for the next stroke.

The basic ram weight is 3 tonne, and further 2 tonne segments can be added up to atotal of 9 tonne. The drop height of the
ram is between 0.2m and 1.2m with very close control of any specified height between these limits. The striking rate can be
controlled manually or is automatic. In the latter case the striking rate isnormally at 40 blows/minute at 1.2m drop.

BSP make heavier hydraulic hammers to special order and have manufactured one with aram weight of 40 tonne (Figure

3.15). The characteristics of various makes of hydraulic hammer are listed in Table
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Fig. 3.12 Akermanns drop hammer

3.2. Generally these hammers have the advantage of being able to operate underwater, and because there is no exhaust they

can be operated inside a soundproof box.
Underwater hydraulic hammers were developed specialy for driving pilesin deep water locations. The range of hammers
manufactured by the Menck company is shown in Table 3.2. The MHU 400 T hammer has driven a pile in 1000m depth of

water. The MHU 3000 T with aram weight of 180 tonneis the largest piling hammer ever constructed. The MHU hammers
are designed to operate either as free-riding units mounted on the pile with a slack lifting line, or to reduce weight on the
guides they can be suspended from the floating crane with a heave compensator to maintain constant tension in the lifting
line. The power pack can beinstalled on the crane barge or platform or can be mounted on the hammer. Slender hammers can
operate inside the pile or with a follower attached to the pile.

The ‘Hydroblok’ hammer is a special type of hydraulic hammer devel oped by the Hollandsche Beton Group. It consists of a
drop weight enclosed by a casing. The drop weight isin the form of a hollow cylinder incorporating a piston and an impact
head, and nitrogen under high pressure forms a buffer between these two components. The drop weight is driven down
hydraulically at a high striking rate, the driving force on the pile head being equal to the pressure of the nitrogen multiplied
by the area of the impact head. The driving force can be regulated to suit the expected ground resistance. The nitrogen
forming the buffer, cushions and sustains the blow on the pile head, thus preventing damage from high impact forces, and
eliminating atension wave in the pile (see Section 7.3).

Double-acting (or differential-acting) hammers are steam or air operated both on the upstroke and downstroke, and are
designed to impart a rapid succession of small-stroke blows to the pile. The double-acting hammer exhausts the steam or air
on both the up and down strokes. 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 combination 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
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Fig. 3.13 BSP International Foundations Ltd. single-acting piling hammer

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. Double-acting hammers have their main usein
driving sheet piles and are not used for bearing pilesin preference to diesel hammers. However, unlike the diesel hammer
they can operate under water. The characteristics of the various makes are shown in Table 3.3.

Diesel hammers are suitable for all types of ground except soft clays. They have the advantage of being self-contained
without the need for separate power-packs, air compressors 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 2.5m in diameter. The principle of the diesel hammer is that as the falling ram compresses air in the
cylinder, diesel fuel isinjected into the cylinder and thisis atomized 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
downwards under the blow of the ram. Thus the blow is sustained and imparts energy over alonger period than the ssmple
blow of adrop or single-acting hammer. The ram rebounds after the explosion and scavenges the burnt gases from the
cylinder. The well-known Delmag hammer is shown in Figure 3.16. BSP International Foundations Ltd. and Koehring-MKT

manufacture double-acting diesel hammers with a striking rate of 80 to 100 blows/min compared with the rates of 40 to 60
blows/min attained by the comparable makes of single-acting diesel hammers. The characteristics of the 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 atomize the fuel. 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 by a rope-operated lever the amount of
fuel injected, this control cannot cope with random hard layers met at varying depths, particularly when these are unexpected.
The diesel hammer operates automatically and continuously at a given height of drop unless the lever is adjusted, whereas
with the single-acting hammer every blow is controlled in height.
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Fig. 3.14 BSP International Foundations Ltd. hydraulic piling hammer

3.1.5Piling vibrators

Vibrators consisting of pairs of exciters rotating in opposite directions can be mounted on piles when their combined weight
and vibrating energy cause the pile to sink down into the soil (Figure 3.17). Vibratory hammers operate most effectively
when driving small displacement piles (H-sections or open-ended stedl tubes), into loose to medium dense granular soils.
Ideally apile should be vibrated at or near to its natural frequency, which requires 100Hz for a 25m steel pile. Thus only the
high-frequency vibrators are really effective for long piles3). Most types of vibrators operate in the low-frequency to
medium-frequency range (i.e. 10 to 39Hz).
Vibrators are not very effective in firm clays and cannot drive piles deeply into stiff clays. They are frequently used in bored
pile construction for sealing the borehole casing into a cohesive soil 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 purposein all soil types
(see3.4).
Vibrators have an advantage over impact hammersin that the noise and shock wave of the hammer striking the anvil is

eliminated. They also cause less damage to the pile and have avery fast rate of penetration in favourable ground. It is
claimed that arate of driving averaging 18m per minute may
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Massof ram | Maximum energy per blow Maximum striking rate

Maker Type (kg) (m/kQ) (blows/min)
BSP International Foundations — 2 540 3425 50
Limited (United Kingdom) o 3050 4110 50
— 4060 5480 50
— 5080 6 850 50
— 6110 8 220 50
— 8130 10960 50
— 10 160 13700 50
— 12 190 16 440 50
— 15240 20 550 50
— 20000 27 400 50
Koehring-MKT S10 4 500 4500 55
(United States of America) s14 6 350 5100 60
S20 9000 8 300 60
0HA40 18 100 16 600 55
0S60 27200 24 900 55
Menck MRBS850 8 600 12 900 45
(Germany) MRBSL 100 11 400 17 000 40
MRBS1 800 17 500 26 300 44
MRBS3 000 30 000 45 000 42
MRBS3 900 39 400 70 900 36
MRBS5 000 50 000 75 000 40
MRBS6 000 60 000 105 000 34
MRBS8 800 88 000 132 000 36
MRBS12 500 125 000 219000 36
Vulcan 2 1360 1000 70
(United States of America) 1 2970 2 070 60
06 2950 2690 60
08 3630 3590 50
010 4 540 4490 50
014 6 360 5810 60
016 7 260 6 740 60
020 9070 8 300 60
030 13610 12 440 55
040 18 100 16 600 60
060 27 200 24 890 62
540 22 200 27 600 48
560 23 800 41 460 45
5100 45 400 69 100 48
5250 113 400 172 750 38
6 300 136 100 248 800 42

*Note that the information given inin Tables 3.1 to 3.5 does not necessarily represent the full range of equipment by each maker. The makers listed
in these Tables should be contacted for full details.

be achieved in loose to medium-dense granular soils. If the electric generator used to power the exciter motors is mounted in
a sound-proofed hut 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, after starting the hammer the vibrations, as they increase to
the operating frequency, may be in resonance with the natural frequency of nearby buildings. This can cause a short period of
high amplitude vibrations which are quite alarming to the occupants. The same effect occurs when shutting down the
hammer. Because of the limitation of the soil typesin which they can be used, the complexity of the machinery, and its
maintenance, vibrators are not used to the same extent as impact hammers for driving bearing piles. Vibrators are used to
displace weak soils followed by placing crushed stone to form compacted columnsin the ground. Used in this way the
‘Vibro-replacement’ process claimsto strengthen the weak soils by compaction or consolidation. In the UK Keller Limited

have extended the process whereby cement is added to the stone to provide aform of ‘pile’ capable of carrying light loading
when taken down to a competent stratum.

Types of vibrators suitable for driving bearing piles are shown in Table 3.5.
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Massof ram  Maximum energy per blow  Striking rate at maximum

Maker Type (kg) stroke height (blows/min)
BSP International Foundations HH3 3000 36 46
I(_LIJrr?||:g.dd Kingdom) HAS > 000 60 40
HH7 7000 84 31
HH9 9000 108 30
HH14 11 000-16 000 132192 38-30
HH40 40 000 480 40
Banut* — 3000 15 30
(Sweden) — 4,000 32 28
— 5000 40 24
— 6 000 48 20
Dawson Construction Plant DCP 2 000 45 800
(United Kingdom)
Hollandsche Beton Group HBM500 4 300 100 40
(Netherlands) HBM850 10 000 180 40
HBM1 500 20000 300 40
HBM3 000 63 000 1000 40
IHC Hydrohammerbr S35 3300 35 60
(Netherlands) S70 3500 70 50
S90 4 500 80 50
S200 10 000 200 45
S280 13500 280 45
$400 20 000 400 45
S500 25000 500 45
S800 38 000 800 45
S1 000 40 000 1000 45
S1 600 75 000 1 600 40
S2 300 103 000 2 300 40
Menck MH48 2500 48 40
(Germany) MH57 3000 57 40
MH68 3500 68 40
MHB80 4 200 80 40
MH96 5000 96 40
MH120 6 300 96 40
MH145 7500 145 40
MH165 8 600 165 38
MH195 10 000 195 38
MHF5-12* 12 900 129 40
MHU200 T 12 000 200 60
MHU400 T 24000 400 50
MHUG00 T 36 000 600 50
MHU800 T 48 000 800 45
MHU1 000 60 000 1000 45

T



MHU1 700 102 000 1700 40

T
MHUZ2 100 126 000 2100 40
T
MHU3 000 180 000 3000 35
T

* The BSP MHF and Banut hammers are free-fall types.

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 isto be driven. Single-acting and double-acting hammers 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 consumption. The noise of the pile driving
operation may in some circumstances be an important consideration in the selection of a hammer. This aspect is discussed in
3.1.7.

A knowledge of the value of energy per blow is required to assess whether or not a hammer 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. The safety of operatives can be
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Fig. 3.15 BSP International Foundations Ltd. 40-tonne hydraulic hammer

endangered if sustained hard driving causes pieces of spalled concrete or mechanical componentsto fall from aheight. The
employment of adynamic pile-driving formula can, with experience, provide a rough assessment of the ability of a hammer
with a known rated energy value to achieve a specific ultimate pile resistance to the time of driving (see 1.4 and 7.3 for a

further discussion of these formulae). However, the manufacturer’ s rated energy per blow is not always areliable indication
of the value to be used in adynamic pile equation. The efficiency of ahammer can be very low if it is poorly maintained or
improperly operated. Also 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 on the condition of the packing material after a
period of driving.

Theincreasing use of instruments to measure the stresses and acceleration at the head of apile asit isbeing driven (see
Section 7.3) has provided data on the efficiencies of awide range of hammer types. Some typical values are:

Hammer type Efficiency of hammer/cushioning system (%)
Hydraulic 65-90
Drop (winch-operated) 40-55

Diesel 2080




Table 3.3 Characteristics of double-acting and differential-acting piling hammers
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Mass of ram Maximum energy per blow Maximum striking rate
Maker Type (kg) (m/kQ) (blows/min)
BSP International Foundations 500N 91 165 330
Limited (United Kingdom) 600N 297 415 250)
700N 385 650 225
900 726 1210 145
1 000 1360 1815 105
1100 2270 2650 95
Koehring MKT 9B3 726 1210 145
(United States of America) 10B3 1360 1815 105
11B3 2270 2 650 95
Menck SB80 270 400 205
(Germany) SB120 390 600 175
SB180 600 945 150
SB270 870 1410 130
SB400 1300 2170 115
Raymond* 50CX 2 950 2070 115125
(United States of America) 65C 2 950 2 700 100-110
80C 3630 3370 95-105
125CX 6 800 5620 105115
150C 6 800 6740 95-105
Vulcan* 18C 816 500 150
(United States of America) 30C 1360 1,000 133
50C 2270 2080 120
65C 2 950 2 650 117
80C 3630 3370 111
140C 6 350 4970 103
200C 9070 6930 98
400C 18 140 15 660 100

*Differential acting

The wide range in values for the diesel hammer reflects with greater sensitivity to the type of soil or rock into which the pile
is driven and the need for good maintenance. Present-day practice is to base the selection of the hammer on adriveability
analysis using the Smith wave equation (see 7.3) to produce curves of the type shown in Figure 3.18. They show the results
of an investigation into the feasibility of using a D100 diesel hammer to drive 2.0m OD by 20mm wall thickness steel tube
piles through soft clay into a dense sandy gravel. The piles were to be driven with closed ends to overcome a calcul ated soil
resistance of 17.5MN at the final penetration depth. Figure 3.18 shows that adriving resistance (blow count) of 200

blows/250mm penetration would be required at this stage. This represents arather severe condition. A blow count of 120 to
150 blows/250mm is regarded as a practical limit for sustained driving of diesel or hydraulic hammers. However 200
blows/250mm would be acceptable for fairly short periods of driving.
The American Petroleum Ingtitute(34) defines refusal to driving as the point where the driving resistance exceeds either 300
blows per foot (248 blows/250mm) for 1.5 consecutive metres or 800 blows per foot (662 blows/250mm), for 0.3m
penetration. Figure 3.18 also shows the driving resistance curves for a 25-tonne drop hammer with drops of 1.5 or 2.0m 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.

3.1.7 Noise control in piledriving



The control of noise in construction sites is a matter of increasing importance in the present drive to improve environmental
conditions. Control of noise is necessary to protect the health of operatives on the sites and to eliminate, as far as possible,
annoyance or hazards to the health of the general public-2),

In Britain the BS Code of Practice 5228 recommends that no person should be exposed to a noise level of more than 90dBA
for eight hours aday in afive-day week. It isrecognized that the noise from



Table 3.4 Characteristics of diesel piling hammers
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Mass of ram Maximum energy per blow Maximum striking rate
Maker Type (kg) (m/kQ) (blows/min)
Berminghammer B200 816 2484
(Canada) B225P! 1361 4036
B300P! 1701 5560
B3405P! 1814 6348
B4005P! 2267 7935
B4505P! 2993 10474
B5005P! 3446 12 061
B5505P! 4082 14283
B23 D/ 1270 3174
A
BSP International Foundations DE30C 1360 3731 a7
(LJ:i'ttsg Kingdom) DE50C 2 260 6219 47
B15 1500 3793 80-100*
B25 2500 6320 80-100°
B35 3500 8 850 80-100"
B45 4500 11 400 80-100"
Delmag D5 500 9050 4060
(Germany) D12 1220 3125 40-60
D15 1500 3750 42-60
D22/13 2 200 6700 38-52
D30/13 3000 91004 550 38-52
D36/13 3600 11 300-5 750 37-53
D46/13 4600 14 6007 300 37-53
D62/12 6 200 22 320-11 160 35-50
D100/13 10 000 3400021 800 36-45
Hera H1 500 1500 4140 4060
(Netherlanas) H2 500 2 500 8 000 37-50
H3 500 3500 11 200 37-50
H5 000 5000 16 000 37-50
HD7 7500 24 000 37-50
500
|shikawajima Harima 22 2 200 5410 42-70
(Japan) 135 3500 8 780 42-70
Y4 4 400 11000 42-70
Kobe K13 1300 3700 4060
(Japan) K25 2 500 7 500 39-60
K35 3500 10500 39-60
K45 4500 13500 39-60
KB45 4500 13500 35-60
KB60 6000 16 000 35-60
KBS0 8000 24000 35-60
K150 15 000 39,500 42-60
Mitsubishi M14 1350 3600 42-60
(Japan) M23 2295 6220 42-60




M33 3290 8 850 40-60

M43 4290 11620 40-60

MB70 7185 18 950 38-60

Koehring-MKT DE10 500 1220 40-50
(United States of America) DE20/B 910 2 300-1 600 40-50
DE30/B 1270 3300-2 300 40-50

DE40 1810 4 400 40-50

DES0/B 2280 5 9004 100 40-50

DE70 3175 8 700 40-50

DE70/B 7000 8 200-5 800 40-50

DA35/B 1270 3100 48t

82"

DABS5/B 2 270 5500 48t

82"

Link Belt 180 780 1120 90-95"
(United States of America) 312 1750 2080 100-105"
440 1814 2420 86-90°

520 2 300 3640 80-84°
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Mass of ram Maximum energy per blow Maximum striking rate
Maker Type (kg) (m/kg) (blows/min)
Vulcan (United States of America) and | IN100 1 360 3400 50-60
M.A.N.L.SA (Belgium) 4N100 1800 4500 50-60
3N100 2400 6 000 5060
[.C.E. (International Construction 180 782 1770 90-95*
(El\cl‘gt'ﬁe”;‘l‘::()jst)"‘" 440 1814 4300 83-92"
520 2 300 6 200 80-84"
640 2730 7 800 7477
1070 4 540 14 600 64-70"
TSingle-acting
*Double-acting
Table 3.5 Characteristics of pile-driving vibrators
Frequency Mass | Minimum power supply (KVA)
range (kg)
Maker Type (H2)
Bodine — up to 135 10 000 740
(United States of America) . up to 135 6 600 370
Dawson Construction Plant DCP/Krupp up to 50 1 500 70
(United Kingdom)
Menck 6.5-30 50 900 35
(Germany) 22-30 50| 2200 125
44-15/30 25-50 5400 250
Mdiller MS-5H 27 1080 54
(Germany) MS-10H 27 1400 82
MS-20H 28 3200 115
MS-25H 28 3600 247
MS-50H 27 5800 430-560
MS-100H 22 8 500 430-560
MS-16E 25 2 000 —
MS-40E 25 2 800 —
M S-60E 25 7 200 —
MS-60ET 25 7500 —
Delmag PE1401 24.3 1030 40
(Germany) PE2001 24.3 1080 50
PE3 001 24.3 1930 125
PE7 001 24.3 4 820 300
P.T.C. (Procédés Techniques de Construction) 6H1 30 1250 59
(France) 13H1 27 1860 110
25H1 25 3500 206
25H2 27 3500 260
50H2 26 10400 380
60H1 27 10400 490
110H1 22 14 500 570
110H2 22 12 100 570
|.C.E. (International Construction Equipment) bv. [116 27 900 85

(Netherlands)




216 27 900 135
416 25 2 150 187
815 25 2170 34
1412 21 3900 485
Tomen (Toyo Menka Kaisha) KM2-2 18-21 2 565 49.6"
(Japan) 000A
VM2-4 14-18 3558 80.5"
000A
KM2-12 000 8-10 4510 120.7
VM2-5 000 18-30 4 887 120.7
VM4-10 000 18 6 490 201.1"
VM2-25 000 10 7400 201.1"
Vibro Mac (Soil Mec) 5 18-30 4940 295
(Italy) 12 10-16 6 100 295
Schenk DR60 17-39 7 200 250
(Germany)

* Rated output of motor
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Fig. 3.16 Delmag D22 diesal hammer with helmet for driving steel H-piles

pile-driving will exceed 90dBA but the operations are not continuous through the working day and the observed noise level
can be converted to an equivalent sound level that takes into account the duration of the noise emission.

Thereisno legidation in Britain that lays down specific noise levels which must not be exceeded in areas accessible to the
genera public. Local authorities adopt their own standards of judging noise nuisance, and maximum day-time and night-time
noise levels of 70dBA and 60dBA respectively are frequently stipulated for urban areas. 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 3.19. Other

information has shown that the attenuation of pile-driving impact noise to the 70dBA level from the noisiest of the hammers
requires a distance of more than 1000m from the sound. Thus if a maximum sound level of 70dBA is stipulated by alocal
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 are closer to the construction operations3:8). One method of doing this s to enclose the hammer
and pile with a sound-absorbent box. The Hoesch noise-abatement tower isformed of sandwiched steel plate/plastics
construction and consists of an outer 2mm steel plate, a plastics layer 0.4mm thick, and an inner 1.5mm steel plate. The
plates making up the box are jointed by a rubber insertion material, and the lid incorporates a sound-proofed air exhaust. A
hinged door allows the pile and hammer to be pitched into the tower. The Hoesch tower reduced the noise from a Delmag
D12 diesel hammer driving a sheet pile from 118 to 119dBA at 7m to 87 to 90dBA at the same distance.

A tower of similar construction is shown in Figure 3.20. Shelbourne3-) described the use of the tower for driving 24m steel

H-piles by means of a 3-tonne drop hammer. Sound level measurements of 60 to 70dBA were recorded 15m from the tower,
compared with values of 100dBA before the noise abatement system was adopted.
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Fig. 3.17 Driving pile casing with Muller vibrator.
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Fig. 3.19 Typical noise levels for various pile-driving techniques

Surrounding only the lower part of the hammer by a shroud is not particularly effective. A reduction of only 3 to 4dBA was
obtained by shrouding a Delmag D22 hammer in thisway. As noted in 3.1.4, the hydraulic hammer is a suitable type for
enclosing in a sound-proof box.

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 aresilient
‘dolly’ or cap block that cushions the blow of the hammer and thus minimizes damage to the pile head. The dolly is placed in
arecessin 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 set in the helmet end-on to the grain. Plastics
dollies
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Fig. 3.20 Noise abatement tower used for ‘Hush Piling’ system
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Fig. 3.21 Dolly and helmet for precast concrete pile
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are the most serviceable for hard-driving concrete or steel piles. The Micarta dolly consists of a phenolic resin reinforced
with laminations of cross-grain cotton canvas. Layers of these laminates can be bonded to aluminium plates, or placed
between atop 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, wallboards, or asbestos fibre. The last-mentioned
material has the advantage that it does not char when subjected to heat generated by prolonged driving. The packing must be
inspected at intervals and renewed if it becomes heavily compressed and losesiits resilience. Softwood packing should be
renewed for every pile driven.

Williams(3:8) has described severe conditions for driving precast concrete piles at Uskmouth Power Station. He states that
plastics dollies were used up to 40 times, compared with elm blocks which only lasted for avery few piles. The packing
consisted of up to 125mm of sawdust in jute bags, covered with two dry cement sacks placed at right-angles to each other
over the pile head.

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)

Cusiuo Stk

Steps toengage __—

steel tubular pileg T _Jaws tomate with

L Iﬁamﬂrm
loaders

-

Fig. 3.22 Vulcan driving cap for stedl tubular pile

have multiple projections that are designed to fit piles over arange of diameters. They include jaws to engage the mating
hammers.

Plastic dollies of the Micarta type have along life when driving steel pilesto a deep penetration into weak rocks or soils
containing cemented layers. However, for economy contractors often cushion the pile heads with scrap wire rope in the form
of coilsor in short pieces laid cross-wise in two layers. These are replaced frequently asresilience is lost after a period of
sustained driving.

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 a hammer. Jetting is a useful means of achieving deep penetration
into a sandy soil in conditions 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
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- Standard
elbow bend

Fig. 3.23 Centrally-placed jetting pipe

over alimited depth can be achieved by a combination of jetting and hammering. Air can be used for jetting instead of water,
and a bentonite slurry can be also used if the resulting reduced skin friction is acceptable.

For jetting pilesin 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 to 50mm nozzle should be used with a 50 to 75mm pipe (Figure 3.23). The quantity of water
required for jetting a pile of 250 to 350mm in size ranges from 15 to 60 1/s for fine sands through to sandy gravels. A
pressure at the pump of at least 5 barsisrequired. 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.

A central jetting pipeisliable 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 pile bursting if high jetting pressures are used. An independent
Jetting pipe worked down outside the pile can be used instead of a central pipe, but the time spent in rigging the pipe and
extracting it can cause such delaysto pile driving asto be hardly worth the trouble involved. Open-ended stedl tubular piles
and box piles can be jetted by an independent pipe worked down the centre of the pile, and H-piles can be similarly jetted by
a pipe operated between the flanges. Large-diameter tubular piles can have aring of peripheral jetting pipes, but the resulting
pile fabrication costs are high. Gerwick(3:9) has described the system for jetting 4m diameter tubular steel piles for amarine
terminal at Cook Inlet, Alaska. Sixteen 100mm pipes were installed around the inner periphery of the pile. The nozzles were
cut away at each side to direct the flow to the pile tip. Gerwick recommends that jetting nozzles should terminate about
150mm above the pile tip. He gives the following typical requirements for jetting large-diameter piles:

Jet pipe diameter —40mm
Pressure —20 bar (at pump)
Volume —131/s per jet pipe

The large volume of water used in jetting can cause problems by undermining the piling frame or adjacent foundations as it
escapes towards the surface. It can also cause aloss of skin friction in adjacent pilesin agroup. Where skin friction must be
developed in agranular soil the jetting should be stopped when the pile has reached alevel of about one metre 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.
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Fig. 3.24 Franki pile-driving rig

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 3.1.1 to 3.1.3 but
the firmswho 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 hammers, but the Franki
(Figure 3.24) piles can be driven by an internal drop hammer. The leaders of the piling frames are often adapted to
accommodate guides for a concreting skip (Figure 3.25).

Steel cased piles designed to be filled with concrete are driven more effectively by a hammer operating on the top, than by an
internal drop hammer acting on a plug of concrete at the base. Thisis 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 skin friction as it moves downward under the momentum of the hammer. The flexure of the pile acting asa
long strut also releases the skin 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 skin
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 skin friction from this cause. Tension caused by driving from the bottom can cause the
circumferential cracking of reinforced concrete and thin-wall steel tubular piles.



Page 77

4

-
-

-.-.'I-.'-l

FAAN A WA F A

A G T T
-—
T

-
| 9

e WA Y AT e AW AV Y. S LA

" ..,-E...-.-...u.-.__.- e

ki DN

.
'r_aH.l

N B AT R B T R

o m—

Fig. 3.25 Discharging concrete into the driving tube of a GKN pile. Concreting skip traveling on
pile frame leaders

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, whereas the bottom-driven pile demands a solid plug at the pile base at all stages.

In easy driving conditions bottom driving will give economy in the required thickness of the steel and considerable reduction
in noise compared with top driving. However, great care is necessary to
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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%
times the pile diameter. In calculating the quantity of concrete required, allowance should be made for a volume reduction of
20% to 25% of the uncompacted height. The 1:2:4 concrete should be very dry with awater : cement ratio not exceeding
0.25 by weight. A hard aggregate with a maximum size of 25mm should be used.

At least 10 initial blows should be given with hammer drops not exceeding 300mm then increasing gradually. The maximum
height of drop should never exceed the maximum specified for the final set which is usually between 1.2m and 1.8m. Driving

on a plug should not exceed a period of 1# hours. 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} hours before a further renewal. For prolonged hard
driving it may be necessary to renew the plug every three-quarters of an hour.

]

—

Fig. 3.26 ‘Highway' lorry-mounted auger drill
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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 pilesin clay soils. A wide range of machinesis available.
The ‘Highway’ spiral plate auger (Figure 3.26) is a lorry-mounted machine which can drill holes up to 1370mm in diameter

and to depths of up to 12.5m. The soil is removed from spiral plate augers by spinning them after withdrawal from the hole.

Fig. 3.27 BSP International Foundations Ltd. ‘ Terradrill’ Model TSA75 mounted on standard
crawler base machine
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Therange of ‘ Terradrill’ machines (Figure 3.27), manufactured by BSP International Foundations Ltd. for attachment to

standard crawler cranes, are capable of drilling from 254mm diameter boreholes to a depth of 26m for the smallest size to
3.5m diameter boreholes to depths of up to 100m with the largest machine (Model TCA110). These depths are achieved by
using atriple telescoping kelly, but greater depths are possible when extension drill stems are used with the telescoping kelly.
The Caweld drilling machines comprise lorry-mounted bucket drills and crawler-mounted plate augers or bucket drills. The
lorry-mounted bucket drills range in size from the 100B with a 711mm diameter bucket capable of drilling to about 21m with
the triple telescoping kelly or to 60m with extensions, to the 100B with a 1219mm bucket and reaming gear to drill shaftsto
3.66m in diameter and to depths up to 40m with atriple telescoping kelly, and to 90m with extension drill stems. The crawler-
mounted rigs range in size from the 55-CH with a bucket diameter of up to 1219mm and capable of drilling to 45m with a
triple kelly, to the 200-CH capable of drilling with reamers up to 7.3m diameter shafts and to depths of up to 43m with a
double kelly or to greater depths with extension stems. Raking piles with an inclination of up to 1 in 3 are possible with
crawler-mounted rigs.

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 3.28c) and
the bentonite bucket (Figure 3.28d) is designed to avoid scouring the mud cake which forms on the wall of the borehole. The

buckets on the Calweld machines can be lifted through the ring drive gear and swung clear to discharge the soil. Grabs can
also be operated from the kelly bar.

Va1 Samndard ARiFET ) Lorimg [tTe Tl
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Fig. 3.28 Types of drilling tools

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 so stable as the conical form produced by the top-hinged bucket (Figure
3.29b and Figure 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 compl eting the under-reaming. Belling buckets normally form enlargements
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up to 3.7m in diameter but can excavate to a diameter of 6.1m with special attachments. Belling buckets require a shaft
diameter of at least 0.76m to accommodate them.

The essential condition for the successful operation of arotary auger rig is a cohesive soil which will stand without support
until atemporary steel tubular liner islowered down the completed hole or a cohesionless soil supported by a bentonite
slurry. In these conditions fast drilling rates of up to 7m per hour are possible for the smaller shaft sizes. Methods of
installing piles with these rigs are described in 3.4.6.

3.3.2 Grabbing rigswith casing oscillators

For drilling through sands, gravels, and loose rock formations, the pile boreholes may require continuous support by means
of casing. For these conditions it is advantageous to use a casing oscillator which imparts a semi-rotating motion to the
casing through clamps. Vertical rams attached to the clamps enable the casing to be forced down as the hole is deepened or
raised as necessary. The semi-rotating motion is continuous, which prevents the casing becoming ‘frozen’ to the soil, and it is
continued while extracting the casing after placing the concrete. The essential feature of pile boring with a casing oscillator is
that the special double-wall casing is always allowed to drop to the full depth of the borehole. For this purpose the casing is
jointed. The French Benoto pile casing has a male/female joint which islocked by inserting expanding plugs in holes around
the periphery of the tubes.

Self-contained drilling rigs are manufactured that combine a casing oscillator with a mast for handling grabbing or auger
drilling tools, and a chute for discharging the soil into avehicle. The German Hochstrasser-Weise rig can drill cased holes to
55m vertically, or to 24m at a 1 in 4 rake. The minimum and maximum casing diameters are 600mm and 2400mm
respectively. The German Bade oscillators are used for piles up to 2500mm in diameter. The French Benoto rig (Figure 3.31)

normally drills holesto 1.0m in diameter and to depths of up to 30m. It can drill raked holesup to 1in 5.

3.3.3 Continuousflight auger drillingrigs

A typical continuous flight auger rig is shown in Figure 3.32. Comments on the operation of rigs of thistype are given in
2.4.2.
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Fig. 3.30 Top-hinged under-reaming bucket
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Fig. 3.31 Benoto piling rig showing discharge chute for spoil and casing oscillator at base of
machine

3.3.4 Reverse-circulation drilling rigs

Reverse-circulation drilling rigs operate on the principle of the air-lift pump. Compressed air isinjected near the base of the
centrally-placed discharge pipe. The rising column of air and water lifts the soil which has been loosened by rotating cutters,
and the casing tubes are also rotated to keep them freely moving in the soil as they sink down while the boring advances. The
reverse-circulation rig manufactured by Alfred Wirth and Co. of Germany is shown in Figure 3.33. The casing tubes and air-
lift riser pipe are rotated together or separately by means of a hydraulic rotary table or power swivel. Theriser pipeis
maintained centrally in the casing by one or more stabilizers, and the soil boring is effected by rock roller bits on a cutter
head. The diameters of the latter range from 0.76m to 8.0m. The Calweld reverse circulation rigs are manufactured to drill
without reaming to diameters of up to 2.1m and to depths up to 230m.

Reverse-circulation rigs can drill at afast rate in awide range of ground conditions including weak rocks. They are most
effective in granular soils and the large diameter of the air-lift 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 enlarging tool mounted above the
cutter head.

3.35Tripod rigs

Small-diameter piles with diameters of up to 600mm installed in soils which require continuous support by lining tubes are
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 being driven down under the impact of a heavy drill stem. The soil which jamsinside the tube is prised out by
spade when the cutter is raised
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Fig. 3.33 Wirth rotary table and rotating cutter
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Fig. 3.34 Tripod piling rig installing bored piles under low headroom conditions

to the surface. Drilling is effected in cohesionless soils by means of abaler or ‘shell’, which is again asimple tube with a
cutting edge and flap valve to retain the soil, the soil being drawn into the baler by a suction action when the tool israised
and lowered. If no ground water 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
(see 4.3.6). The loosening may be accompanied by settlement of the ground surface around the pile borehole. Rocks are
drilled by chiselling and using abaler to raise the debris.

Tripod rigs are not as suitable as the spiral-plate auger types (see 3.3.1) for drilling small-diameter pilesin clays, except in
situations where low headroom or difficult access would prevent the deployment of lorry-mounted or tractor-mounted
augers. A tripod rig working in conditions of low headroom is shown in Figure 3.34. Methods of operating tripod rigs have

been described by North-Lewis and Scott(3:10),

3.3.6 Drilling for pileswith bentonite slurry

Lining tubes or casings to support the sides of pile boreholes are a requirement for most of the bored-pile installation
methods using equipment described in 3.3.1 to 3.3.5. Even in stiff cohesive soilsit is desirable to use casings for support
since these soils are frequently fissured or may contain pockets of sand which can collapse into the bore-holes, resulting in
accumulations of loose soil at the pile toe, or discontinuities in the shaft.
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Casing can be avoided completely (except for a short length that is used as a guide at the top of the hole) by providing
support to the pile borehole in the form of a slurry of bentonite clay. This clay, or a montmorillite clay with characteristics
similar to bentonite, 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. In agranular soil, the Slurry penetrates the
walls of the borehole and gels there to form a strong and stable ‘filter-cake’. In aclay soil there is no penetration of the slurry
but the hydrostatic pressure of the fluid, which has a density of 1.04g/I prevents collapse where the soil is weakened by
fissures.

When used in conjunction with auger or grab-type rigs the dlurry is maintained in a state of agitation by the rotating or
vertical motion of the drilling tools. When it becomes heavily contaminated with soil or diluted by ground water it can be
replaced by pumping-in fresh or reconditioned slurry. It is used most efficiently in conjunction with reverse-circulation rigs
(see 3.3.4). The dlurry is pumped into the outer casing and the slurry-soil mixture that is discharged from the air-lift riser pipe

Is allowed to settle in lagoons to remove soil particles. It isthen further cleaned in acyclone, and chemicalsto aid gelling are
added before the reconditioned slurry is pumped into a holding tank and then returned to the pile borehole. When used for
piling work on land or in river works the use of bentonite slurry causes disposal problems. Local authorities will not allow it
to be discharged into sewers or watercourses, and the waste slurry must be removed by tanker vehicles.

Bentonite slurry is used in asimple and rather crude way in conjunction with rotary auger equipment when drilling pile
boreholes through sands and gravels to obtain deeper penetration into stiff cohesive soils. The hole must be augered through
the sands and gravels without support, and then the casing is lowered down. It is uneconomical to provide screwed jointsin
large-diameter lining tubes and all joints are made by welding. To save time and cost in welding, the holes are drilled to the
maximum possible depth before installing the first length of casing. In these conditions support may be provided while
drilling by means of a bentonite slurry. Where the depth of cohesionless soil isrelatively small it isuneconomical to bringin
high-speed mixers, slurry tanks, pumps and reconditioning plant for the normal employment of bentonite techniques. Instead,
afew bags of the dry bentonite are dumped into the pile borehole and mixed with the ground water or by adding water, to
form a crude slurry which is adequate to smear the wall of the borehole and give it the necessary short-term support. After
drilling with this support through the granular overburden, the casing is lowered in one or more lengths and pushed down to
sedl it into the stiff cohesive soil below. The thrust is provided either by the hydraulically-operated ‘ crowd’ mechanism on
the kelly-bar of the drilling machine or by means of avibrator (see 3.1.5) mounted on the casing. This technique is known as
‘mudding-in’ the casing.

The use of abentonite durry to aid drilling with or without temporary lining tubes may cause some difficulties when placing
concrete in the pile. The nature of these problems and the means of overcoming them are described in 3.4.7, and the effects
of a bentonite slurry on the skin friction and end-bearing resistance of piles are discussed in 4.2.3 and 4.3.6. Reese, O’ Neill
and Tourna(3:11) recommend a minimum diameter of 600mm for pilesinstalled using slurry techniques, to avoid some of the
problems associated with the method.

3.3.7 Base and skin 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 loosening 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 density and
reducing settlements.

Bolognesi and Moretto(3:12) described the use of stage grouting to compress the soil beneath the toes of 1.00 to 2.00m bored
piles supporting two bridges over the Parana River in Brazil, the piles being drilled with the aid of a bentonite slurry. The soil
beneath the pile toes loosened by the drilling operations was subjected to a grouting pressure of up to 10MN/m2. The cement
grout was introduced through a cylindrical metal basket pierced by a number of holes and filled with uniform gravel (Figure
3.35). The basket, with its upper surface covered by arubber sheet, was lowered into the borehole suspended from the pile
reinforcing cage. The pile was then concreted, followed by the injection of the grout into the basket through a 38mm pipe set
in the concrete of the shaft. The uplift caused by the grouting pressure was usually resisted by the skin friction in the pile
shaft, but in some cases the pile cap was constructed to provide additional dead-load resistance. Although Bolognesi and
Moretto did not mention any weakening at the pile toe caused by the entrapment of bentonite slurry, as described by Reese et
al.(3:11), the stage-grouting technique would be a useful method of expelling any slurry from beneath the toe of a pile.

A similar method of compacting the soil beneath the base of a bored pile by means of grout pressure
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Fig. 3.35 Preloading cell for compressing loosened soil beneath base of bored piles by grouting
(after Bolognesi and Moretto)(3-12)

Isused in the Bauer piling system. After completing the drilling, which can be performed underwater in favourable
conditions, the reinforcing cage is lowered to the bottom of the borehole. At the bottom of the cage the bars are welded to a
circular plate. A flexible metal sheet covers the whole of the underside of this plate. A grout injection pipe is connected to the
space between the plate and the sheet, and a peripheral ring of grout pipes is attached to the reinforcing bars for a
predetermined height above the pile base. All grout pipes are extended to a pump and metering unit at the ground surface.
The pileisthen concreted. After awaiting period to allow the concrete to harden a cement grout is injected into the
peripheral injection pipes with the object of bonding the lower part of the pile shaft to the surrounding soil. A further period
of afew daysisallowed for the grout to harden, then the space between the metal sheet and stedl plate is injected with grout
under high pressure. The uplift on the steel plate is resisted by the peripheral grout/soil bond stress on the shaft and the soil
beneath the flexible sheet is thus compressed. The height of the peripheral grouting above the pile base depends on the
required base pressure and hence on the design base resistance of the pile.

Direct injection of cement grout beneath the pile base was used to re-compress sand disturbed by drilling 1.2m diameter
bored piles supporting an office building at Blackwall Y ard, London. Y eats and O’ Riordan(3:13) described the installation of
a 38.2m deep test pile. The shaft was drilled by rotary auger under a bentonite slurry through the alluvium and stiff to hard
clays of the London clay and Woolwich Reading formation into very dense Thanet Sands. The upper 31 metres of the shaft
were supported by casing. After completing the drilling four separate grout tube assemblies as shown in Figure 3.36 were

lowered to the base of the borehole. The injection holes in the tubes were sleeved with rubber (tubes-a&manchette). The pile
shafts were then concreted under bentonite, and 24 hours after this water was injected to crack the concrete surrounding the
grout tubes. Base grouting commenced 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 1Imm.

Similar base grouting techniques were used at six sites in the Docklands area of London beneath piles with diametersin the
range of 0.75 to 1.5m3:14). Comparisons of the base-bearing pressures of piles with grouted and ungrouted bases are
discussed in Section 4.3.4.

3.4 Procedurein pileinstallation

Each class of pile employs its own basic type of equipment and hence the installation methods for the various types of pilein
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 emphasisis 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 adifficult operation and is described in 3.4.10.

3.4.1 Driving timber piles

Timber piles are driven by drop hammer or single-acting hammer after pitching them in a conventional piling frame, in crane-
suspended leaders, or in trestle guides. The Swedish piling code requires the
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drop hammer to weigh at least 1.5 times the weight of the pile and helmet with a minimum of 1 tonne. 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 to prevent damage to the creosote protection by avoiding the use of slings or hooks which gouge the
pile deeply. The damage caused by minor incisions is no more than the scratching caused by stones encountered while
driving the piles.

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 2.2.2. They must
be lifted from the stacking positions only at the prescribed points. If designed to be lifted at the quarter or third points, they
must not at any stage be allowed to rest on the ground on their end or head. Particular care should be taken to avoid over-
stressing by impact if the piles are transported by road vehicles. Additional support points should be introduced if necessary.
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. BS 8004
requires that the weight or power of the hammer should be sufficient to ensure afinal penetration of about 5mm per blow
unless rock has been reached. Damage
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to the pile can be avoided by using the heaviest possible hammer and limiting the stroke. BS 8004 states that the stroke of a
single-acting or drop hammer should be limited to 1.2m and preferably to not more than 1m. The Swedish piling code
requires a drop hammer to weigh at least 3 tonne, except that 2-tonne hammers can be used for piles with a maximum length
of 10m and a maximum load of 450kN, but a 4-tonne hammer should be used for long pilesin compact materials. This code
recommends that the drop of the hammer should be limited to 300 to 400mm in soft or loose soils to avoid damage by tensile
stresses. The drop should be limited to 300mm when driving through compact granular soils.

The driving of the piles should be carefully watched, and binding by toggle bolts due to the pile rotating or moving off line
should be eased. The drop of the hammer should be reduced if cracking occurs, and if necessary the hammer should be
changed for a heavier one. After the completion of driving the pile heads should be prepared for bonding into the pile caps as
described in 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 therefore be provided to drain off accumulated water. Where a soil plug isformed 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 guidanceis
givenin CIRIA Report PG8(E.19),

3.4.3 Driving steel piles

Because of their robustness steel piles can stand up to the high impact forces from a diesel hammer 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 alimited penetration by avibrator.

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 air-lift device shown in Figure 3.37 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 3.33) is an efficient means of removing soil if justified by the number and size of the piles. Power

augers of the type shown in Figure 3.27 can only be used after the pile has been driven down to itsfinal level where thereis

space for the crawler-mounted frame carrying the auger to be manoeuvred over the pile head. All the methods described
above (except the power auger method) can be used to drill below the pile toe and so ease the driving resistance. However,
drilling below the toe also reduces the skin friction and the method may have to be restricted to end-bearing piles. This aspect
Is discussed further in the section on piling for marine structures (8.3). 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 aplug of concrete at the toe of the cleaned-out pile to develop high end-
bearing resistance, or to transfer uplift loads from the superstructure to the interior wall of the hollow pile through a
reinforcing cage. In such cases a good bond must be devel oped between
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Fig. 3.37 Air-lift for cleaning-out soil from steel tubular piles
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the concrete filling and the interior of the steel pile. This requires any adherent soil which remains after removing the soil
plug to be cleaned off the pile wall. A sandy soil can be effectively removed by water jetting or by air-lifting, but an adherent
clay may require high-pressure water jets to remove it. A rig can be used for this purpose that comprises a central air-lift pipe
and a base plate with jetting nozzles around the periphery. The assembly can be half-rotated as necessary. However, the
processistediously slow since the jets tend to drill small-diameter holesin the clay. Equipment has yet to be devised which
will quickly and effectively remove the clay adhering to the wall of a pileto a sufficient standard of cleanlinessto achieve a
good bond with a concrete plug. The procedure for placing the concrete plug in the cleaned-out pile or for completely filling
asted tubular or box pileissimilar to that described below for shell piles.

3.4.4 Driving and concreting steel shell piles

Steel shell piles are driven by drop hammers or single-acting hammers acting on the head of an internal mandrel or core
which is collapsed to allow it to be withdrawn before placing the concrete. Problems arise with heave when driving shell
pilesin 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. This can be done with the aid of light reflected down the pile
by amirror, or by a narrow beam lamp. Distortion of the shells can be detected by lowering alamp down to the toe. If it
disappears wholly or partialy then distortion has occurred. This can be corrected by pulling up the shells and redriving them
or, in the case of tapered shells, by inserting and redriving a new tapered shell assembly. The problem of heave is discussed
in5.71t05.9.

Sometimes some leakage of ground water occurs through shells in quantities which do not justify replacing the damaged
units. The water can be removed from the shells before placing the concrete by pumping (if the depth to the pile toeiswithin
the suction lift of the available pump), by an air lift, or by baling. If, after removing the water, the depth of inflow is seen to
be less than afew centimetres in five minutes the collected water can again be removed and concrete placed quickly to seal
off the inflow. For higher rates of seepage the water should be allowed to fill the pile up to itsrest level, and the concrete
should then be placed by tremie-pipe as described in 3.4.7.

Concrete placed in ‘dry’ shell pilesis merely dumped in by barrow or chute. It should be reasonably workable with a slump
of 100 to 150mm to avoid arching as it drops down a tapered shell or onto the reinforcing cage. The cement content should
be such asto comply with the code requirements shown in Table 2.10, or with any special requirements for durability (see

10.3). The American Concrete I nstitutel2:9) states that vibration due to driving adjacent piles has no deterimental effect on

fresh concrete in shell piles. Therefore concreting can proceed immediately after driving the shell even though adjacent shells
are being driven, provided there are no detrimental effects due to ground heave or relaxation (see 5.7).

3.4.5 Theinstallation 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. The methods for each type of pile are described in 2.3.2. The mix proportions and
workability of the concrete depend on the type of pile. Where the concrete is compacted by internal drop hammer amix is
required that is drier than that which is suitable for compaction by vibrating the piling tube. The workability and mix
proportions of the concrete should be | eft to the piling contractor, subject to compliance with the code requirements (Table
2.10) and the needs regarding durability (see 10.3).

The procedures to be adopted for avoiding ‘waisting’ or ‘necking’ of the shaft, or the inclusion of silt pockets and laitance
layers, are similar to those adopted for bored-and-cast-in-place piles and are described in the following section of this
chapter. Precautions against the effects of ground heave are described in Section 5.8. Because the casing tube s, 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 incrustations of
hardened concrete. Even small incrustations 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 guidanceis givenin
CIRIA Report PG83.19),

3.4.6 Theinstallation of bor ed-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 pre-supposes that the soil is
sufficiently cohesive to stand unsupported, at least for a short time. Any upper soft
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or loose soil strata or water-bearing layers are ‘ cased-off’ by drilling down a casing or pushing the tubes down into the pre-
drilled hole by vibrator or the crowd mechanism on the kelly bar. If necessary, ‘mudding-in’ techniques are used at this stage
(see 3.3.6). After the auger has reached the deeper and stiffer cohesive soils, the borehole is taken down to its final depth
without further support, until the stage is reached when aloosely-fitting tube is lowered down the completed hole. Thisloose
liner may be required for safety purposes when inspecting the pile base before placing the concrete; or if an enlarged baseis
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
thereis no risk of collapse before or during the placing of the concrete. However, if the clays are in any degree fissured there
iIsarisk of the walls collapsing during concreting, and thus leading to defects of the type shown in Figure 3.38. Lining tubes

must be inserted in potentially unstable soils if avisual inspection is to be made of the pile base.

L

Fig. 3.38 Defective shaft of bored pile caused by collapse of clay after lifting casing
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Favourable conditions for stability of the borehole are given by care in setting up the rig on afirm level base and attention to
maintenance of verticality. Tilting of therig or violent operation of the auger leads to misalignment and the need for
corrective action by reaming the sides. The requirements for the safety of operatives should be rigorously followed (see
British Standard 5573, Safety precautions in the construction of large diameter boreholes for piling and other purposes).
Casings protecting open pile boreholes should extend above ground level and should be provided with a strong cover.

A vibrator of the type described in 3.1.5 is a useful expedient for extracting the upper casings used to support soft clays or
loose sand. Support may be needed for the upper part of an enlarged base if thisis being formed by hand excavation. The
support can bein the form of a‘spider’, consisting of a number of hinged arms mounted on aring. The assembly islowered
down the shaft with the arms in a near-vertical closed position. They are then lifted upwards and outwards and locked in
position to form a cone which is pulled up against the clay surface.

Thefina cleaning-up operation before placing concrete in a bored pile consists of removing 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 six hours. 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 extends 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 100 to 150mm. Such amix is self-
compacting and does not require ramming or vibrating. The mix proportions should be such as to ensure compliance with the
requirements regarding strength and minimum cement content of the relevant code of practice (Table 2.11), or with any
special requirements for durability (see 10.3). A dry mix should be used for the first few charges of concreteif the pile base
iswet, or if hand spreading is adopted in an enlarged base. The concrete in the shaft is fed through a hopper or chute placed
centrally over the pileto direct it clear of the sides and the reinforcement. After completing concreting, the lining tubes are
withdrawn. If aloose liner is used inside an upper casing, the former islifted out as soon as the concrete extends above the
base of the outer tube. Vibrators can be used to extract the casing. 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. At
thisfinal stage there isinevitably some laitance which has risen to the top of the concrete. The laitance may be diluted and
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, e.g. 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 laitance when plumbing
the level with afloat. Fleming and Lane(3:16) recommend the following tolerances for all conditions.

Concrete cast under water: +1.5 to +3m

Concrete cast in dry uncased holes: +75 to +300mm

Concrete cast in cased holes, the greater of

a +75mm to +300mm + cased length/ 15
or
b +75mm to +300mm + [depth to casting level — 900mm/ 10]

The 1988 edition of the Institution of Civil Engineers Specification for Piling specifies casting tolerances for three conditions
of placing concrete in pile boreholes with and without temporary casing. The ground surface or piling platform level is
defined as the * commencing surface’. The three conditions all refer to a situation where the cut-off level is at a depth H
below the commencing surface such that H is between 0.15 and 10m. The conditions are:

(a) Concrete placed in dry boreholes using temporary casing and without permanent lining: The casting tolerance in

metresis specified to be 0.3+H/12+ iEa"‘."&where C isthe length of temporary casing below the commencing surface.
(b) Concrete placed in dry boreholes within permanent tubes or permanent casings or where cut-off levels are in stable

ground below the base of any casing: The casting tolerance in metresis specified to be 0.3+ H/10
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(c) Concrete placed under water or adrilling fluid: The casting tolerance in metresis specified to be LO+H/12+ C/8

The reader isreferred to the | CE Specification for the various qualifications to the above tolerances. It will be noted that the
casing length rather than the diameter is afactor which influences casting tolerances. This reflects the problems which occur
when extracting the temporary casing.

The use of apermanent casing in the form of a light-gauge metal sleeve surrounding a pile shaft in soft clays or peats was
described in 2.4.2. This sleeving cannot be used within atemporary lining tube where the latter has to be withdrawn in along
length by means of avibrator or by jacking. Thisinvolvesthe 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 atemporary outer lining tube.

Unfortunately, defects in a pile shaft of the type shown in Figure 3.38 are by no means uncommon, even when placing a
workable concrete in the dry open hole of alarge-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 below.

1. Encrustrations 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 clean before they are lowered down
the bore-hole.

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 easily down the hole and fill all voids.

3. Thefalling 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. 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 helical binding. Check
that the bars have not moved together before the cage islowered down the hole.

4. Lumps of clay may fall from the walls of the borehole or lining tubes into the concrete asit is being placed. Remedy:
Always use lining tubes if the soil around the boreholeis 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: Do not withdraw the casing until the placing of the concrete is complete.
Check the volume of concrete placed against the theoretical volume and take remedial action (removal and replacement
of the concrete) if thereis a significant discrepancy.

6. If bentonite has been used for ‘mudding-in’, 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.
Thisisaserious 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 ‘mudded-in’ casing. Remedy: Keep a careful watch on the level of the bentonite gel when the
casing islifted. Watch for any changesin 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 ‘ mudding-
in’ technique must be abandoned.

7. Infiltration of ground water may cause gaps, or honeycombing of the concrete. Remedy: Adopt the techniques for
dealing with ground water in pile boreholes described in the following section.

Further guidance on the installation proceduresis given in CIRIA Report PG2(3.17),

3.4.7 Concreting pile shaftsunder water

Ground water in pile boreholes can cause serious difficulties when placing concrete in the shaft. A depth of inflow of only a
few centimetresin, say, five minutes 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.
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Fig. 3.39 Defective shaft of bored pile caused by cement being washed out of unset concrete

A strong flow can even wash away the concrete completely. The defective piles shown in Figure 3.39 were caused by the

flow of water under an artesian head from afissured 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 (or better, to be topped up above this
level to stabilize the pile base) and then to concrete the pile using atremie pipe.

Although a bottom-opening bucket is sometimes used instead of atremie-pipe for placing concrete in pile boreholes, the
author as a general rule condemns this practice. Thisis because the crane operator handling the bucket cannot tell, by the
behaviour of the crane rope, whether or not he has lowered the bucket to the correct level into the fluid concrete before he
releases the hinged flap. If he releases the bucket flap prematurely, the concrete will flow out through the water and the
cement will be washed out. On the other hand, if he plunges the bucket too deeply it will disturb the concrete already placed
when it islifted out. The bottom-dumping bucket method has no advantage over the tremie pipe and the author would use it
only if apile were large enough for the lowering and dumping to be controlled by a diver.

A method sometimes used for concreting piles under water involves the insertion of a grout pipe to the bottom of the
borehole. Clean coarse aggregate is then placed around the pipe, and the casing is lifted out. A cement-sand grout is next
injected through the pipe, the grout rising up the borehole to fill the voids in the aggregate. This technique is known as
‘prepacked concrete’ but the author would not recommend it in preference to placing concrete by tremie pipe. Thisis because
the water in abored pileisrarely clean, and the silt stirred up by dumping the aggregate tends to get dispersed on to the
surface of the stones. It is then displaced by the rising column of grout and tends to form layers or pockets of muddy laitance.



Page 95

The procedure for drilling pile boreholes with support by a bentonite gel is described in 3.3.6 and in CIRIA Report PG3(3:18),
Problems can be caused when placing concrete in a bentonite-filled hole. A tremie-pipe is used, and there must be a
sufficient hydrostatic pressure of concrete in the pipe above bentonite level to overcome the external head of the slurry, to
rupture the gel, and to overcome friction in the tremie pipe. Sometimes a dispersing agent is added to the bentonite to break
down the gel before placing the concrete. Reese et al.(3:11) recommend using a clean trémie pipe having a diameter of at least
300mm and concrete with a slump of at least 150mm. Where the mud becomes flocculated and heavily charged with sand (i.
e. has a specific gravity greater than 1.35 to 1.4) it should be replaced by alighter mud before placing the concrete.
Circumferential steel should be kept to aminimum. A flap valve should be used on the end of the tremie pipe rather than the
paper bag or polyethylene ‘ go-devil’. The concrete in the piled foundations for the Wuya Bridge, Nigeria(3:19) was placed
under bentonite. The piles were 18 to 21m deep and a mud density of 1600kg/m3 was necessary to prevent the sides
collapsing. The concrete failed to displace the gel which was stiffened by the high ground temperatures and jamming
occurred, especially when placing was suspended to remove each section of the tremie pipe. The problem was finally
overcome by increasing the workability of the concrete by means of a plasticizer together with aretarder. The tremie pipe
was lifted out as a single unit to avoid the delays in breaking the pipejoints.

3.4.8 Theinstallation of bored-and-cast-in-place piles by grabbing, vibratory and rever se-
circulation rigs

The use of either grabbing, vibratory, ‘or reverse-circulation machines for drilling pile boreholes can involve continuous
support by lining tubes which may or may not be withdrawn after placing the concrete. In al 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 skin
friction. The boreholes must be kept topped up with water in order to avoid ‘blowing’ of the pile bottom as aresult of the
upward flow of the ground water. Thisis particularly necessary when drilling through water-bearing sand layers interbedded
with impervious clays.

Grabbing in weak rocks can cause large accumulations of surry in the boreholes which make it difficult to assess the
required termination level of the pilein sound rock. The slurry should be removed from time to time by baling or by air-lift
pump with afinal cleaning-up before placing the concrete.

The techniques of placing concretein ‘dry’ holes, or under water, are exactly the same as described in 3.4.6 and 7.

3.4.9 Theinstallation of bored-and-cast-in-place pilesby tripod rigs

Pile boreholesin clays are drilled by a clay cutter operated from atripod rig. Water should not be poured down the hole to
soften a stiff clay, or used to aid removal of the clay from the cutter as this causes areduction in skin friction. When drilling
in cohesionless soils the lining tubes should follow closely behind the drilling to avoid overbreak, and the addition of water is
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 thisis more
likely to jam in the casing tubes when they are lifted. Curtis(3:29) suggests checking the concrete level by hanging afloat on
top of the concrete and comparing its measurement from the top of the tube with the amount of tube extracted. He also
suggests that the position of the reinforcing cage should be checked by a‘tell-tale’ wire and indicator. Problems can occur
when placing concrete in raking piles. Internal ramming isimpossible as the rammer catches on the reinforcing cage. A high
slump concrete is necessary with special precautions being taken to prevent the reinforcement being lifted with the lining
tubes.

3.4.10 Theinstallation of raking piles

The advantages of raking pilesin 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 ground conditions. If the soil strata are such that the piles can be driven to the full penetration depth
without the need to drill out a soil plug or to usejetting to aid driving, then it should be feasible to adopt raking piles up to a
maximum rake of 1 horizontal to 2 vertical. However, the efficiency 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 pilesto the
same penetration depth.
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The vertical load caused by the pile and hammer on the leaders of the piling frame must be taken into consideration. Also
when driving piles by guides without the use of leaders 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 an open-ended pile to clear boulders or other
obstructions, using the methods described in 3.3.4. When the drill penetrates below the shoe of the pile tube it tends to drop
by gravity and it isthen likely to foul the shoe asit 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 lessif the angle of rakeissmall (say 1in
10 or less) and the drill string is adequately centralized within the piling tube. However, the drill must not be allowed to
penetrate deeply below the toe of the pile. This resultsin 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 internal drop hammer, due to the friction
of the hammer on the inside face of the driving tube. Installers of these piles state that arake not flatter than 1in 3.7 is
possible.

Power augers can drill for pile boreholes at angles of rake of up to 1 in 3 but when casing is hecessary to support the pile
borehol e the same difficulties arise with the jamming of the bucket or auger beneath the toe of the casing. Generally, bored
piles which require the use of acasing are installed by tripod rigs, and they cannot be installed at rakes flatter than about 1 in
3.

The American Concrete Intitute(2:9) recommends using an over-sanded mix for placing concrete in raking pile shells or
tubes. A concrete mix containing 480kg/m3 of coarse aggregate with a slump of 100mm is recommended. This mix can be
pumped down the raking tube.

3.4.11 Positional tolerances

It isimpossible to install a pile, whether by driving, drilling or jacking, so that the head of the completed pileis aways
exactly in the intended position or that the axis of the pileistruly vertical or at the specified rake. Driven pilestend to move
out of alignment during installation 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. 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 soft ground. However, controlling
the positions of pilesis necessary since misalignment affects the design of pile caps and ground beams (see 7.8 and 7.9), and

deviations from alignment may cause interference between adjacent pilesin a group or dangerous concentrations of load at
the toe (Figure 5.7). Accordingly, codes of practice 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 as may be required or to
install additional piles to keep the working loads within the allowable values.

Some codes of practice requirements are as follows:

BS8004: Driven and cast-in-place, and bored and cast-in-place piles should not deviate by more than 1 in 75 from the
vertical, or more than 75mm from their designed position at the level of the piling rig. Larger tolerances can be considered
for work over water or raking piles. A deviation of upto 1in 25 is permitted for bored piles drilled at rakes of upto 1in 4.
BS Code of Practice for Maritime Structures: A deviation of up to 1 in 100 is permitted for vertical pilesdriven in sheltered
watersor 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
75mm 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 100mm, and for access trestles and jetty heads a tolerance of 75mm to 150mm is allowed
depending on the exposure conditions.

Institution of Civil Engineers(Z:1): Positional—M aximum deviation of centre point of pile to centre point on drawing not
more than 75mm, but additional tolerance for pile cut-off below ground level. Verticality—pile to be made vertical within
tolerance of 1in 100 at commencement of installation. Maximum deviation of finished pile from the vertical is1in 75. For
raking piles set pile to within 1 in 50 at commencement of installation. Maximum deviation of finished pile from the
specified rakeis 1in 25 for pilesraking up to 1:6 and 1 in 15 for piles raking more than 1:6. Relaxation permitted in
exceptional circumstances subject to implications of this action.

D.T.U. No 13.2 (France): A maximum positional tolerance of 150mm is permitted, but the code states that it is normally
expected that driven piles and cased bored piles can be installed to atolerance of
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60mm. Ordinary bored piles, including auger piles, are expected to be installed to atolerance of 120mm. The axis of an
isolated pile must not deviate by more than 3%. The axis of a pile in agroup must not deviate by more than 2% if the
inclination of all pilesin the groupsisin the same direction.

New York City Building Code: If the axis deviates by more than 4% from plumb or the specified rake the foundation design
shall be modified to resist the resulting vertical and lateral forces. A tolerance of 75mm for the designed location is permitted
without a reduction in the load capacity of a group. Where piles deviate by more than this amount the true loading is
determined by taking into account the eccentricities as observed from a survey of the actual pile head positions. If the
calculated load on any pileisin excess of 110% of the allowable load capacity, a correction is made by installing additional
piles or by other methods of redistributing pile loads to reduce the maximum pile load to not more than 110% of the
allowable capacity.

American Concrete I nstitute Recommendations. The position of the pile head is to be within 75 to 150mm 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 pilesor for all raking piles, provided the pile axisis 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% to 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.

The significance of positional tolerance to piling beneath deep basementsis noted in Section 5.9.

3.5 Constructing pilesin 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 but more frequently have
deleterious effects on the load-settlement characteristics of the piles and can damage surrounding property. Precautions can
be taken against these effects by the installation methods and sequence of construction adopted. Because the problems are
more directly concerned with the bearing capacity and settlement of the group as awhole, rather than with the installation of
the piles, they are discussed in 5.7 t0 5.9.
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CHAPTER 4
Calculating the resistance of pilesto compressive loads

4.1 General considerations

4.1.1 The basic approach to the calculation of pileresistance

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 adifferent way. The influence of this
disturbance on the skin 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 loading capacity.

The basic approach used in this chapter to calculate the resistance of pilesto compressive loadsisthe ‘static’ or soil
mechanics approach. In recent years much attention has been given by research workers to cal culation methods based on
‘pure’ soil mechanics theory. They postulate that the skin friction on a pile shaft can be determined by a ssimple relationship
between the coefficient of earth pressure ‘at rest’, the effective over-burden pressure and the drained angle of shearing
resistance of the soil, but they recognize that the coefficient of earth pressure must be modified by afactor which takes into
account the method of pile installation. Similarly they believe that the end-bearing resistance of a pile can be calculated by
classical soil mechanics theory based on the undisturbed shearing resistance of the soil surrounding the pile toe. The
importance of the settlement of the pile or pile groups at the working load is recognized and methods have been evolved to
calculate this settlement, based on elastic theory and taking into account the transfer of load in skin friction from the pile to
the soil.

The concepts of this research work commenced on quite simple lines, the two main groups, namely driven piles and bored
piles, only being differentiated when considering pile behaviour. However, as the work progressed from the laboratory to the
field, particularly in the study of the behaviour of instrumented full-scale piles, it was observed that there were very
fundamental departures from classical soil mechanics theory, and the all-important effects of installation procedures on pile
behaviour were realized. The installation of pilesresultsin highly complex conditions developing at the pile-soil interface
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 skin friction to effective overburden pressure are unrealistic. Similarly when considering
deformations of a pile group under its working load, any calculations 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 quite
meaningless.

Therefore while the author bases his approach to the calculation of pile carrying capacity on soil mechanics methods, this
approach is ssmply an empirical one which relates known pile behaviour to simple soil properties such as relative density and
undisturbed shearing strength. These can be regarded as index properties to which empirical coefficients can be applied to
arrive at unit values for the skin-friction and end-bearing resistances.

Observations made on full-scale instrumented piles(4-1) have so far only served to reveal the extreme complexities of the
problems, and have shown that there is no ssimple fundamental design method. The empirical methods set out in this chapter
have been proved by experience to be reliable for practical design of light to moderately heavy loadings on land-based or
near-shore marine structures. Special
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consideration using more complex design methods are required for heavily loaded marine structures in deep water. The
engineer is often presented with inadequate information on the soil properties. He then has to decide whether to base his
designs on conservative values with an appropriate safety factor without any check by load testing, or merely to use the
design methods to give a preliminary guide to pile diameter and length and then to base the final designs on an extensive
field testing programme with loading tests to failure. Such testing is always justified on alarge-scale piling project. Proof-
load testing as a means of checking workmanship is a separate consideration (see Section 11.4).

Where the effective overburden pressure is an important parameter for calculating the ultimate bearing capacity of piles (asis
the case for granular soils) account must be taken of the effects of arise in ground-water levels. This may be local or may be
ageneral rise, due for example to seasonal flooding of amagjor river, or along-term effect such as the predicted large genera
rise in ground-water levelsin Greater London.

4.1.2 The behaviour of apileunder load

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

When apileis subjected to a progressively increasing compressive load at a rapid or moderately rapid rate of application, the
resulting load-settlement curveis as shown in Figure 4.1. Initially the pile-soil system behaves elastically. There is a straight-
line relationship 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 thereisyielding at, or closeto, the pile-soil interface
and slippage occurs until point B is reached, when the maximum skin friction on the pile shaft will have been mobilized. 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 mobilize the maximum skin friction is quite small and is only of the order of 0.3 to 1% of the pile
diameter. The base resistance of the pile requires a greater downward movement for its full mobilization, and the amount of
movement depends on the diameter of the pile. It may bein the range of 10 to 20% of the base diameter. When the stage of
full mobilization 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.

If strain gauges are installed at various points along the pile shaft from which the compressive load in the pile can be deduced
at each level, the diagramsiillustrated in Figure 4.2 are obtained, which show the transfer of load from the pile to the soil at

each stage of loading shown in Figure 4.1. Thus when loaded to point A virtually the whole of the load is carried by skin
friction on the pile shaft and thereis little or no transfer of load to the toe of the pile (Figure 4.2a). When the load reaches
point B the pile shaft is carrying its maximum skin friction and the pile toe will be carrying some load (Figure 4.2b). At Point
D thereis no further increase in the load transferred in skin friction but the base load will have reached its maximum value
(Figure 4.2c).
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Fig. 4.1 Load-settlement curve for compressive load to failure on pile
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Fig. 4.2 Load transfer from head of pile to shaft

(a) At point A on load-settlement curvein Figure4.1
(b) At point B on load-settlement curvein Figure4.1
(c) At point D on load-settlement curve in Figure 4.1

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

0,= 0+ 0, - W, . (4)

where Qp Is the ultimate resistance of the pile, Qb is the ultimate resistance of the base, QS Is the ultimate resistance of the
shaft, and Wp is the weight of the pile.

The components QS and Qb of the failureload Qp are shown at the final loading stage in Figure 4.2c. Usually the weight of
the pile (Wp) iIssmall inrelation to Qp and thisterm is generally ignored in equation 4.1 . However, it is necessary to provide

for Wp In situations such as piling for marine structures in deep water, where a considerable length of pile extends above the

sea bed.
Eurocode 7 expresses equation 4.1 in somewhat different terms. QIO Is denoted as Q, the design bearing capacity of the pile,

Op = Qw/78isthe des gn base resistance and 0 = Qu/Visthe des gn shaft resistance. Q, and Q_ are further broken

down and defined as

ok = GreAs ...(4.139)

and

Qu = Dimt GuiseAsi ...(4.1b)

where Ab is the nominal plan area of the base of the pile
A isthe nominal surface area of the pilein soil layer i
isthe characteristic value of the resistance per unit area of the base

is the characteristic value of the resistance per unit of the shaft in layer i.



g9 and g are partial safety factors. q Is presently given in the draft Eurocode as 1.3, 1.6 and 1.45 for driven, bored and
continuous flight auger piles respectively, and q. isgiven as 1.3 both for driven and bored piles. The characteristic values Oy,
and qq, ae derived from calculation rules based on established correlations between the results of static load tests and the
results of field or laboratory soil tests. The Code requires that the characteristic values Oy and g &« do not exceed the

measured bearing capacities used to establish the correlation divided by 1.5 on average. This additional factor is used
essentially to allow for uncertainties in the calculated method or scatter in the values on which the correlation is based.

4.1.3 Definition of failureload

The loading corresponding to point D on the load-settlement curve in Figure 4.1 represents the ultimate resistance, or
ultimate limit state, 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
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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 aload 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.

4.1.4 Allowable loads on piles

A perfect design method for calculating allowable loads on piles would be one which predicted the load-deformation curve
through all stages from initial loading to the point of ultimate failure. From such a predicted curve the structural designer
would be able to distribute the load on to the piles to keep the deformation of the structure within tolerable limits. The
foundation engineer would be able to satisfy himself that there was an adequate safety factor on the ultimate resistance to
provide a safeguard against accidental overloading of the piles, and to allow for variations in the properties of the soil.
Unfortunately, such a design method has not been devel oped to an extent to which it can be generally applied to al types of
piles. In the present state of knowledge the best that can be done in advance of loading or dynamic tests on full-scale tria
piles, isto make loading tests on plates set at the bottom of boreholes or test pits. The load-settlement relationship for the
plate is then used to predict the settlement of the pile base (see Section 4.6). Alternatively the base settlement can be

calculated from a knowledge of the deformation properties of the soil or rock obtained from field or |aboratory tests (see
Sections 4.6 and 4.7). However, it is still necessary to calculate the relative proportions of load carried by the shaft and the

base of the pile. There is no sound theoretical basis for such calculations since the mechanism of load-transfer from pile to
soil at loads less than ultimate is affected by the installation method, in just the same way as the ultimate resistancesin skin
friction and end bearing depend on the installation method.

The usual approach to the problem of assessing allowable pile loads is to predict the ultimate resistance of the pile from a
knowledge of the physical properties of the undisturbed soil, and then to apply an arbitrary safety factor to thisvalue to
obtain the allowable load. The value of the safety factor depends on the variability or otherwise of the soil properties, the
confidence or lack of confidence of the engineer in the empirical methods of predicting the ultimate pile resistance, and the
tolerable movement of the pile at the working load.

Experience of avery large number of loading tests taken to failure, made on piles of diameters up to about 600mm and of
many types both in clays and sands, has shown that if a safety factor of 2.5 is applied, namely

ultimate pile resistance

2.5

allowable load =

then the settlement at the working load is unlikely to exceed 10mm. However, because of the uncertainties already referred to
in calculating the ultimate load it is necessary to make aloading test on atrial pile of the same type, length and size as that
proposed for the permanent works, or to make several such teststo confirm that the settlement at the working load is
acceptable. Preferably these tests should be taken to the stage of ultimate failure to establish the real safety factor. In the case
of projectsinvolving avery large number of piles, economies can be achieved by testing to failure piles of varying lengths or
of different typesin order to determine the most efficient combination of pile length, size and installation method. Omission
of the preliminary test piling is acceptable only in cases where the engineer has previous experience of pile behaviour in
similar soil conditions.

BS 8004 recommends a safety factor between 2 and 3 subject to various qualifications. Comparison of pile capacity
calculations between conventional and Eurocode methods generally shows that the Eurocode factors produce an equivalent
safety factor of 2 on the capacity calculated conventionally using average shear strengths to calculate skin friction and lower
bound strengths to cal cul ate base resistance.

Where piles are end bearing on a strong intact rock the concept of a safety factor against ultimate failure does not apply,
sinceitislikely that the pileitself will fail as astructural unit before shearing failure of the rock beneath the pile toe occurs.
The allowable loads are then governed by the safe working stress in compression and bending on the pile shaft (or the
Eurocode regulations for the characteristic strength of the pile divided by the appropriate material factor) 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.
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When using the Eurocode 7 regulations the procedure isfirst to check that the allowable load does not exceed the ultimate
limit-state of the pile material, soil or rock, and then to determine pile head settlements by calculation or from loading tests to
check that the serviceability limit-state of the pile is not exceeded, where this state is defined as the load on the pile or pile
group which does not cause damage to the supported structure, machinery or services by excessive deformation or other
movements. The serviceability limit-state usually governs the design load.

4.2 Pilesin cohesive soils

4.2.1 Driven displacement piles

When apileisdriven into acohesive soil (for brevity thiswill hereafter be called a clay) the soil is displaced 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 surfaceis
extensively remoulded and high pore-water pressures are developed. In a soft clay the high pore pressures may take weeks or
months to dissipate. During this time the skin-friction and end-bearing resistance, in so far asthey 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 adrier and somewhat stiffer material in contact with the shaft. As the pore-water pressures
dissipate and the re-consolidation takes place the heaved ground surface subsides to near its original level.

The effectsin a stiff clay are somewhat different. Lateral and upward displacement again occurs, but extensive cracking of
the soil takes place in aradia 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 afissured structure the radial cracks around the pile propagate
along the fissures to a considerable depth. Beneath the pile toe, the clay is extensively 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 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.

The end-bearing resistance of the displacement pile (the term QIO in equation 4.1) is calculated from the equation

Oy = Ny ...(4.2)

where NC Is the bearing capacity factor, C, IS the characteristic undisturbed undrained cohesion at the pile toe, and Ab Isthe
cross-sectional area of pile toe. The bearing capacity factor NC Is approximately equal to 9 provided that the pile has been
driven at least to a depth of five diameters into the bearing stratum. Nccb iIsequal to Oy in Eurocode terms (equation 4.1a),

and it should be factored as required by the code taking into account the influence of local zones of weak soil beneath the pile

toe and the effects of pileinstallation. It is not strictly correct to take the undisturbed cohesion 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 isin soil
which has been only partly disturbed by the penetration of the pile. In astiff 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 working 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
pilesin soft claysis shown in Figure 4.4. It may be noted that a period of ayear isrequired for the full development of
carrying capacity in the Scandinavian ‘quick’ clays. In any case the end-bearing resistance of a small-diameter pilein clay is
only asmall proportion of the total resistance and errors due to the incorrect assumption of cohesion on the failure surface are
not of great significance.

In terms of ‘pure’ soil mechanics theory the ultimate skin friction on the pile shaft is related to the horizontal effective stress
acting on the shaft and the effective remoulded angle of friction between the pile and the clay. Thus

T, = Oy tan &, ...(4.3)
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Fig. 4.4 Gain in carrying capacity with increasing time after driving of pilesinto soft clays

where l‘S Isthe unit skin friction at any point, Th isthe horizontal effective stress, and dr IS the effective remoulded angle of

friction.
A further simplifying assumption is made that T js proportional to the vertical effective overburden pressure. Ty Thus

.= Ko, tan 8, ..(4.4)

The value of K is constantly changing throughout the period of installation of the pile and its subsequent loading history. In
the case of adriven pilein astiff clay K isinitially very high, as aresult of the energy transmitted by the hammer blows

required to displace the clay around the pile. However, at thistime Tl is very low or even negative due to the high pore-
water pressures induced by the pile driving. In the case of abored pile, K islow 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 without
introducing empirical factors and simplified calculationsto allow for these uncertainties. Semi-empirical methods based on
these simplifications have been proposed by Burland(4-2) and Meyerhof(4-3). In the case of piles which penetrate arelatively

short distance into the bearing stratum of firm to stiff clay, that is piles carrying light to moderate |oading, a sufficiently
reliable method of calculating the ultimate skin friction, QS, on the pile shaft is to use the equation:

Q.= ac,A, ...(45)
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where a is an adhesion factor, ¢ y IS the characteristic or average undisturbed undrained cohesion of the soil surrounding the
pile shaft, and AS IS the surface area of the pile shaft contributing to the support of the pile in skin friction (usually measured
from the ground surface to the toe). When following Eurocode 7, a¢ y IS equivalent to g\ used to obtain Q &« whichis

factored to obtain the design shaft resistance QS.

The adhesion factor depends partly on the cohesive strength of the soil and partly on the nature of the soil above the bearing
stratum of clay into which the piles are driven. The evaluation of the adhesion factor has been studied in some detail by the
author. His early studies(4-4) showed a general trend towards a reduction in the adhesion factor from unity or higher than
unity for very soft clays, to values aslow as 0.2 for clays having avery stiff consistency. There was awide 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 light on the behaviour of piles driven into stiff clays was obtained in the research project undertaken by the
author for the Construction Industry Research and Information Association (CIRIA) in 1969(4-5), 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 ayear after driving. Between depths of 8 diameters and 14 to 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 adry skin 1
to 5mm in thickness which had been carried down by the pile. Thusin 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 in the lower part where the adhesion was as much as 20% greater than the undrained cohesion of the
clay. Theloss of adhesion for a short distance above the pile toe will aso be noted. Thisis believed to be due to the
formation of atension crack in the soil at toe level. The soil immediately above the crack then tends to slump down causing a
drag on the pile rather than contributing to its support.

Recent research by Bond and Jardine(4:53) on extensively instrumented piles jacked into stiff London clay confirmed the
author’ s 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. Equalization of pore pressures after installation was
very rapid occurring in aperiod of about 48 hours. There was no change in shaft friction capacity after the equalization

period as observed by periodic first-time loading tests over a 34-month period.
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The CIRIA project included a study of the effects of driving steel tubular piles through an overburden of soft clay and of
sand into the stiff London clay. In both cases a skin was dragged down from the overburden soil for a distance of three pile
diameters into the London clay (Figure 4.6). The effect of the soft clay skin was to reduce the adhesion factor within the stiff

clay while the sand skin increased it. At levels deeper than three diameters the stiff London clay skin had been dragged down
in the manner previously observed.
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Fig. 4.6 Dragdown of overburden soil on pile shaft in clay

It was evident from this research that the penetration depth into the bearing stratum of stiff clay had an important effect on
the adhesion factor. In the case of a short penetration into a stiff clay without other overlying strata the gap formed between
the pile and the soil would occupy most of the penetration depth and the adhesion factor would be very low. Similarly, a
short penetration into a stiff clay after driving through a soft clay overburden would result in the dragged-down soft clay skin
occupying most of the pile surface and again resulting in alow adhesion factor, although the shearing strength of the clay
skin is higher than that of the parent soft clay due to consolidation caused by pile displacement. However, when apileis
driven through a sand overburden to a short penetration into stiff clay the sand skin occupies most of the pile surface with a
correspondingly high adhesion factor. The greater the depth of penetration into a stiff clay stratum the less will be the effect
of the overburden conditions. When piles penetrate very deeply, the gap or the skin of soft clay or sand only occupies a small
proportion of the embedded surface. However if the deep clay strata contain layers of sand or sandy gravel these act in the
same manner as alayer of sand above the clay stratum and can be taken into account in assessing the skin friction.

The results of the author’ s research(4:4 45 ,4.6) have been embodied in the design curves for adhesion factors for
displacement piles carrying light to moderate loading driven into stiff clays shown in Figure 4.7. Most of the data from which
the curves were derived was obtained from loading tests on piles of solid section or closed-end tubular piles. The validity of
these curves has been tested by comparing the predicted total carrying capacity with the observed ultimate carrying capacity
for seventy-eight cases of pile loading tests taken to failure on sites where information on soil cohesion values was available.
In all cases abearing capacity factor (Nc) of 9 was used to calculate the end-bearing resistance to compression loads. It can

be seen from Figure 4.8 that the adhesion factors obtained from the design curvesin Figure 4.7 tend to give conservative

results, particularly for piles driven through soils with sandy or gravelly overburdens. If a safety factor of 2 had been adopted
to arrive at a safe working load, failure at the working load would have occurred in only two cases out of the 78. The
selection of a suitable safety factor is discussed later in this chapter (Section 4.6). It must be emphasized that Figure 4.7
shows design curves which take into account all the uncertainties in the method of calculation and variations in the adhesion
factor that are known to occur in identical piles on the same site. They do not give average failure conditions. Hence when
following Eurocode regulations the ultimate unit skin friction need not necessarily be divided by afactor of 1.5 to obtain the
characteristic value. The value calculated could be taken as Q " which is then factored to obtain the design skin friction QS.

The adhesion factors shown in Figure 4.7 are applicable to tapered piles, where the tendency isto
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Fig, 4.7 Design curves for adhesion factors for piles driven into clay soils

close up the gap around the upper part of the shaft and to increase the consolidation of a dragged-down soft clay skin.
However, the beneficial effects of ataper do not appear to be of great significance to the values of the adhesion factor,
according to the published test results which are available for cohesive soils. Hence a shape factor has not been introduced in
equation 4.5. The adhesion factors shown in Figure 4.7 are not applicable to tubular piles driven with a projecting base plate
or an external stiffening ring (Figure 2.23b) since the gap formed down the shaft in a stiff clay may destroy the skin friction.
Different concepts apply to the determination of the skin friction where it is necessary to drive piles to a deep penetration into
a stiff clay to obtain the required bearing capacity for compression or uplift loading. Research, mainly in the field of pile
design for offshore structures, has shown that the mobilization of skin 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, *?fv, to

the existing vertical effective overburn pressure, & va. For the purposes of pile design, Randolph and Wroth(4-7) have shown
that it is convenient to represent the over-consolidation ratio by the ssimpler ratio of the undrained shear strength to the

existing effective overburden pressure, Cul Tlo
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Randolph and Wroth showed that the €u/ ¥ vo ratio could be correlated with the adhesion factor, a. A relationshi p between
these two has been established by Semple and Rigden(4-8) from areview of avery large number of pile loading tests, the
majority of them being on open-end piles either plugged with soil or concrete. Thisis shown in Figure 4.9afor the case of a
rigid pile, and where the skin friction is calculated from the peak value of C, To alow for the flexibility and slenderness ratio

of the pileit is necessary to reduce the values of ap by alength factor, F, as shown in Figure 4.9b. Thustotal skin friction

Q.‘I: - Fﬂlﬂ'::hﬂ L) e (4.6)

when following Eurocode 7, Fap-:' J IS equivalent to the summation of g, along the shaft. Because F and ap were obtained
by correlation between loading tests and average values of C, the calculated shaft resistance should be divided by afactor of
1.5toobtanQ &« in equation 4.1b.

The denderness ratio, L/B, influences the mobilization of skin friction in two ways. First, aslender pile can ‘whip’ or flutter
during driving causing a gap around the pile at a shallow depth and reducing horizontal stress at the pile/soil interface at
lower levels. The second influence is the dlip 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. Thisisillustrated by the shear/strain curve of the
simple shear box test on aclay. The peak shear strength isreached at arelatively 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 along flexible pile the relative movement between the pile and the
clay at ashallow depth can be large enough to reach the stage of low post-peak strength at the interface. Near the pile toe the
relative movement between the compressible pile and the compressible clay may not have reached the stage of mobilizing
the peak shear strength. At some intermediate level the post-peak condition may have been reached but not the lowest
residual condition. It istherefore evident that calculation of the skin 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 4.9b are stated by Semple and Rigden to allow both for



the flutter effects and the residual or part-residual shear strength
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Fig. 4.10 Formation of soil plug at toe of small-displacement piles

(a) Open-ended tube
(b) H-section

conditions at the interface. The effect of these conditions on the settlement of single pilesisdiscussed in 4.6.

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 loading 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 pileis said to be ‘ coring’. As driving continues skin friction will build up between the interior soil
and the pilewall. This soil is acted on by inertial forces resulting from the blows of the hammer. At some stage the inertia
forces on the core plus the internal skin friction will exceed the bearing capacity of the soil at the pile toe calculated on the
cross-sectional area of the open end. The plug is then carried down
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by the pile as shown in Figure 4.10a. However, on further driving and when subjected to the working 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. Thisis 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.

Stevens4:83) has shown that the length LIo in Figure 4.10a when the pile is changing from the coring to the plugging mode can

be calculated from the equation
L 2.25¢, ..(4.7)
P+ 0.25D(1 = a)
where D isthe plug diameter
g is the submerged weight of the sail
fS isthe unit skin friction between the plug and the pile during driving
. isthe average plug accelerationing's

The term « can be obtained from dynamic tests made at the time of driving using the equipment described in Section 7.3.

Comparative tests on open end and closed end piles were made by Rigden, et al. (49). The two piles were 457mm steel tubes

driven to a penetration of 9m 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
1160kN and 1400kN respectively. Evaluation of the ultimate skin friction and base resistances showed that the external skin
friction on the open end piles was 20% |ess than that on the closed end piles.

Accordingly it isrecommended that where where field measurements show that a clay plug is carried down, the total ultimate
bearing capacity should be calculated as the sum of the external skin friction (obtained from equation 4.6 and Figure 4.7)

multiplied by afactor of 0.8, and the ultimate base resistance, Qb, obtained from equation 4.2 multiplied by afactor of 0.5.

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. Attemptsto 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 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 relationshipsin Figure
4.9 were made on open-end piles plugged with soil or concrete. Hence the skin friction derived from them already
incorporates the effect of the open end.

Plug formation between the flanges and web of an H-section pileis problematical. The possible plug formation at the toe of
an H-pile is shown in Figure 4.10b. The mode of formation of a dragged-down soft clay or sand skin has not been studied.

The author has observed a gap around all flange and web surfaces of H-piles driven into stiff glacia till. An H-pileisnot a
good typeto select if it isdesired to develop skin friction and end-bearing resistance in a stiff clay. The author recommends
calculating the skin friction 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 skin friction and the
relatively low proportion of the load carried in end-bearing the cal culated resistance need not be reduced by the factor of 0.5
as recommended for tubular piles.

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 4.2. Where
the piles have an enlarged base formed by hammering out a plug of gravel or dry concrete, the areaAb should be calculated

from the estimated diameter of the base. It is difficult, if not impossible, for the engineer to make this estimate in advance of
the site operations since the contractor installing these proprietary piles makes his own decision on whether to adopt afairly
shallow penetration and hammer out alarge base in a moderately stiff clay, or whether to drive deeper to gain skin friction,
but at the expense of making a smaller base in the deeper and stiffer clay. In ahard clay it may be impracticable to obtain any
worthwhile enlargement 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 5.2.2). The decision as to this minimum length must

be taken by the engineer or be approved by him.

The conditions for predicting skin friction on the shaft are different from those with driven pre-formed pilesin some
important aspects. The effect on the soil of driving the piling tube with its end closed by a plug is exactly the same aswith a
steel tubular pile; the clay is remoulded, sheared and distorted,
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Fig. 4.11 Adhesion factors for pilesin glacial till (after Weltman and Healy(ﬂ’)

giving the same conditions at the pile-soil interface as with the driven pre-formed pile. The clay has no chance to swell
before the concrete is placed and the residual radial horizontal stressin 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 driving 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 afew diametersinto the stiff clay and it is quite likely that this skin
will remain interposed between the concrete and the sail, i.e., 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 softensit for alimited radial distance. This aspect is discussed in greater
detail in the following section (4.2.3). Thus the adhesion factor for a driven-and-cast-in-place pile in a stiff clay may be
dlightly less than that for adriven pile in corresponding soil conditions. It will probably be greater over the length in a soft
clay, however, since 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 pilesin glacial till have been reviewed by
Weltman and Healy(4-10), There appeared to be little difference in the a—, relationship for either type of pile. They

produced the design curves shown in Figure 4.11 for the two types of driven pile 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 skin friction on bored pilesin

glacial till.
The curves were based on average values of C, Hence when following Eurocode 7 the values of Q n in equation 4.1b should

be divided by the factor of 1.5 to obtain the design shaft resistance.

4.2.3 Bor ed-and-cast-in-place non-displacement piles

The installation of bored piles using the equipment and methods described in Sections 3.3.1 to 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 skin-frictional resistance
of the piles. The effect of drilling isto cause arelief of lateral pressure on the walls of the hole. This resultsin swelling of the
clay and thereisamigration 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 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 is used to support the sides of the borehole,
softening of the clay due to relief of lateral pressure on the walls of the hole will still take place, but flow of water from any
fissures will not occur. Thereis also arisk 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 combined effects of drilling and placing concrete was observed by Meyerhof
and Murdoch(4.11), 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 76mm from the interface.
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This softening affects only the skin friction on the pile shaft. The soil within the zone of rupture beneath and surrounding the
pile base (Figure 4.3) remains unaffected for all practical purposes and the end-bearing resistance Qb can be calculated from

equation 4.2, the value of the bearing capacity factor N_again being 9. However, Whitaker and Cookel(4-12) 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. If bentonite is used the effects of any entrapment of slurry beneath the
pile base as described by Reese et al.(3:11) should be allowed for by an appropriate reduction in end-bearing resistance.

The effect of the softening on the skin friction of bored pilesin London clay was studied by Skempton(4:13), who showed that
the adhesion factor in equation 4.5 ranged from 0.3 to 0.6 for a number of loading test results. He recommended a val ue of
0.45 for normal conditions where drilling and placing concrete followed a reasonably rapid sequence. However, for short
piles, where alarge proportion of the shaft may be in heavily fissured clay, Skempton recommended the lower value of 0.3.
Skempton observed that the actual unit skin friction mobilized in London clay did not exceed 100kN/m2, and this value
should be taken as an upper limit when the unit skin friction is calculated from 0.3 or 0.45 times the average undisturbed
cohesion. Alternatively, the curve for bored pilesin Figure 4.11 can be used to obtain the adhesion factor for very tiff to

hard clays.

The author recommends that the same value of 0.3 should be used for small-diameter bored piles where there may be along
delay between drilling and placing the concrete, for example where piles are drilled in the morning and the borehole is | eft
unlined awaiting the arrival of the ready-mixed concrete truck at the end of the day. The factor of 0.3 should also be used for
large bored piles with enlarged bases which may involve along delay between first drilling and finally concreting the shaft,
giving along period for the swelling and softening of the clay on the sides of the shaft. It is believed that differencesin the
method of drilling, such as between the scoring or gouging of a plate auger and the smoothing of a bucket auger, can also
cause differences in skin friction. However, the effects of soil swelling and water from the concrete are likely to be of much
greater significance in controlling the adhesion factor.

Fleming and Sliwinski(4:14) reported no difference in the adhesion factor between bored piles drilled into clays in bentonite-
filled holes and dry holes. In spite of this evidence it must be pointed out that if the use of a bentonite slurry to support an
unlined hole in clay does not reduce the skin friction this must mean that the rising column of concrete placed by tremie pipe
beneath the slurry has the effect of sweeping the slurry completely off the wall of the borehole. It is difficult to conceive that
this happensin al cases; therefore the adhesion factor a recommended for London clay, or for other claysin Figure 4.11,

should be reduced by 0.8 to alow for the use of bentonite unless a higher value can be demonstrated conclusively by loading
tests.

In clays other than London clay, where there is no information from loading tests or publications, the adhesion factors shown
in the curve for bored pilesin glacial till (Figure 4.11) can be used as a guide to pile design. The calculated pile capacity
should be confirmed by field loading tests. When using Eurocode 7 the ultimate base resistance and skin friction values
should be factored in the same manner as described for driven pilesin Section 4.2.1.

When enlarged bases are provided on bored pilesin afissured clay there may be aloss of adhesion
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Fig. 4.12 Effective shaft length for calculating skin friction on shaft of under-reamed pile
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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‘drag-down’ 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 over-cautious to add the possible drag-down force to the
working load on the pile, but nevertheless it may be prudent to disregard the supporting action on the pile of skin friction
over a height of two shaft diameters above the pile base, as shown in Figure 4.12.

Disregarding skin friction over a height of two shaft diameters and taking an adhesion factor of 0.3 for the skin friction on the
remaining length may make a pile with an enlarged base 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 avery stiff or hard stratum permits the
whole of the working load to be carried in end bearing. 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 alimited penetration below sea bed, followed by
drilling-out the soil plug then continuing the drilled hole without further support by the pile tube. A bentonite slurry is
sometimes used to support the borehole. On reaching the design penetration depth a smaller diameter steel tube insert pileis
lowered to the bottom of the borehole and a cement-sand grout is pumped-in to fill the annulus around the insert pile. The
grout isinjected either through a small-diameter pipe or is pumped directly down the insert pile.

Kraft and Lyons(4-15) have shown that the adhesion factor used to calculate the skin friction on the grout/clay interfaceis of
the same order as that used for the design of conventional bored and cast-in-place concrete piles. Where bentonite is used as
the drilling fluid a reduction factor should be adopted as discussed above.

A considerable increase in the adhesion factor can be obtained if grout is injected under pressure at the pile/soil interface
after awaiting period of 24 hours or more. Jones and Turner(4-16) report a two- to threefold increase in adhesion factor when
post-grouting was undertaken around the shafts of 150mm diameter micropilesin London clay. However, the feasibility of
achieving such increases should be checked by loading tests before using them for design purposes. The post-grouting
technique is used as afirst step around the shafts of bored piles where the Bauer process of base grouting is used as described
in Section 3.3.7.

4.2.4 The effects of time on pileresistancein 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 changesin the state of the clay around the pile, leading to an increase or
reduction in shaft friction. The considerable increase in resistance of piles driven into soft sensitive clays due to the effects of
re-consolidation have already been noted in 4.2.1.

Bjerrum(17) has reported on the effects of time on the skin friction of piles driven into soft clays. He observed that if apile
Is subjected to a sustained load over along period the shearing stress in the clay next to the pile is carried partly in effective
friction and partly in effective cohesion. This resultsin a downward creep of the pile until such time as the frictional
resistance of the clay is mobilized to a degree sufficient to carry the full shearing stress. If insufficient frictional resistanceis
available the pile will continue to creep downwards. However, the effect of long-period loading is to increase the effective
skin friction and cohesion as aresult of the consolidation of the clay. It must therefore be expected that if apile hasan
adequate safety factor as shown by a conventional short-term loading test, the effect of the permanent (i.e. long-term)
working load will be to increase the safety factor with time. However, Bjerrum further noted that if the load was applied at a
very slow rate there was a considerable reduction in the skin friction that could be mobilized. He reported a reduction of 50%
in the adhesion provided by a soft clay in Mexico City when the loading rate was reduced from 10mm per minute to
0.001mm per minute, and a similar reduction in soft clay in Gothenburg resulting from areduction in loading rate from 1 to
0.001mm per minute. These effects must be taken into account in assessing the required safety factor if apileisrequired to
mobilize a substantial proportion of the working load in skin friction in a soft clay.

No observations have been published on the effects of sustained loading on piles driven in stiff clays, 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 abored pileis again a slow process

but there is some evidence of areverse movement from the soil into the hardened concrete(4-18). Some collected data
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on reductions in resistance with time for loading tests made at a rapid rate of application on pilesin stiff clays are as follows.

Type of pile Type of clay Change in resistance Reference
Driven precast London Decrease of 10 to 20% at 9 months over first test at 1 month [ Meyerhof and Murdock(4.11)
concrete
Driven precast concrete | Aarhus Decrease of 10 to 20% at 3 months over first test at 1 month | Ballisager(4:19)
(Septarian)
Driven stedl tube London Decrease of 4to 25% at 1 year over first test at 1 month Tomlinson(4.5)

It isimportant to note that the same pile was tested twice to give the reduction shown above. Loading tests on stiff clays
often yield load-settlement curves of the shape shown in Figure 11.13b (Section 11.4.2). Thus the second test made after a
time interval may merely reflect the lower ‘long-strain’ skin friction which has not recovered to the original peak value at the
time of the second test. From the above datait is concluded that the fairly small changesin pile resistance for periods of up to
one year are of little significance compared with other uncertain effects. An increase should be allowed only in the case of
soft clays sensitive to remoulding.

4.3 Pilesin cohesionless soil

4.3.1 General

The classic formulae for calculating the resistance of pilesin cohesionless soils follow the same form as equation 4.1.
Expressed in the parameters of a cohesionless soil (cu=0), the total pile resistance is given by the expression

..(4.8)
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where T is the effective overburden pressure at pile base level, Nq is the bearing capacity factor, Ab Isthe area of the base
of the pile, KS Is a coefficient of horizontal soil stress which depends on the relative density and state of consolidation of the

soil, the volume displacement of the pile, the material of the pile, and its shape, disthe characteristic or average value of the
angle of friction between pile and soil, depending on whether or not the Eurocode rules are followed, and As Isthe area of

shaft in contact with the soil. The factors Nq and KS are empirical and based on correlations with static loading tests, dis
obtained from empirical correlations with field tests. Hence when using Eurocode 7 the characteristic values of Qbk and Q »

should be factored to obtain the design bearing capacity Q. Table 2b of the code recommends a partial material factor of 1.2

to 1.25 for the parameter tan @ The same factor can be used for tan din equation 4.8.
The factor Nq depends on the ratio of the depth of penetration of the pile to its diameter and on the angle of shearing

resistance Pof the soil. The latter is normal ly obtained from the results on tests made in-situ (see 11.1.4). Therelationship

between the standard penetration resistance N and ‘i’, as established by Peck, Hanson and Thornburn(4:29), and between the
limiting static cone resistance, q, and ¥ as established by Durgunoglu and Mitchell(4-21), are shown in Figures 4.13, and 4.14

respectively.

From tests made on instrumented full scale piles, Vesic(4:22) showed that the increase of base resistance with increasing depth
was not linear as might be implied from equation 4.8, but that rate of increase actually decreased with increasing depth. For
practical design purposesit has been assumed that the increaseis linear for pile penetrations of between 10 and 20 diameters,
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 to 20 diameters. At these depths practical refusal was usually met with driving pilesinto medium dense to dense
cohesionless soils.

However, the use of piled foundations for offshore petroleum production platforms has necessitated driving hollow
cylindrical piles with open ends to very great depths below the sea bed to obtain resistance in skin friction to uplift loading.
The assumption of a constant unit base resistance below a penetration depth of 10 to 20 diameters has been shown to be over-



conservative. It can be demonstrated by theoretical analysis, and proved by field experience, that the base resistance does not
remain constant or reduce with depth. However, the rate of increase does increase with depth in a soil deposit of uniform
density.
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In further important research work, Vesic(4-23) analysed the failure pattern below the base of apilein which ahighly
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compressed conical wedge of soil forms beneath the base as the pile is driven or pushed down. In aloose soil the wedge
moves down without producing other definable failure surfaces. In a dense soil the wedge pushes the radial shear zone into
the surrounding plastic zone. The failure pattern can be analysed in terms of the expansion of a spherical cavity into an

infinite soil mass behaving as an ideal elastic-plastic medium characterized by the soil strength parameters ¢ and ‘-’f}, a
deformation modulus E, the Poisson’ s ratio and a volume change parameter D. The latter represents the average volumetric

strain in the plastic zone surrounding the cavity.
The analytical work of Vesic and its application to practical pile design can be found in reference 4.23. After his untimely



death, Vesic’'s concepts were reviewed and extended by Kulhawy. The results
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of his researchers are summarised in areview paper(4:24), References should be made to this paper for a description of the
stages in the analysis which led to the following simplified equation for the case of a square or circular pile embedded in a
cohesionless soil (the drained loading condition).

Ultimate unit base resistance = g, =03 BN L, + o N Lo Lo lod ...(4.9)
where B isthe pile width or diameter
g Is the density of the soil
Ng and Nq are bearing capacity factors
Lyr and Sar arerigidity factors
Cas is a shape factor
Lad is adepth factor

The rigidity, shape and depth factors are al related to the angle of shearing resistance, ¥. Kulhawy related these dimensional
factors in combination with the bearing capacity factors Ng and Nq to @ as shown in Figure 4.15. For smplicity these

combinations are referred to as ¥+ and Va

therigidity index, Ir, of the soil where

N,*

Nv*,and i vary & with

*. It should be noted that the relationships between

, E ..(4.10)
21 + vyl tan

The deformation modulus, E, can be obtained by laboratory tests or from empirical relationships using results of field test
such as the standard penetration test (Figure 5.18). Pressuremeter or Camkometer equipment can be used to obtain shear

modulus values by in situ testing (see Chapter 11), from which E can be derived. Where static cone penetration tests have
been made the deformation modulus can be obtained from Figure 5.19. The value of the Poisson’sratio, v, is obtained from
published figures. For example typical values are 0.2 for |oose sands and 0.35 for dense sands.

Kulhawy(4-24) has given the following equation for determining the rigidity index and pile base level in loose and dense
sands,

- 30 o ..(4.11)
[ = Vo tan (28 10 26°) for loose sands
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Fig. 4.15 Bearing capacity factors of N7 and Nq for deep foundations in drained loading (after

Kulhawy(4:249))
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and

110 ...(4.12
_ for dense sands ( )
tan (407 to 37%)

F

Vo

¥

where the effective overburden pressure Pva is expressed in [0/ /i ’

Thefirst termin equation 4.9 is small in relation to the second. For penetrations deeper than five pile diametersit istypically
less than 10% of the second term. Therefore for deep penetrations the first term can be neglected. This was done by Kulhawy
who calculated the ultimate base resistance for very loose and very dense sands in dry and saturated conditions (that is, in the
absence of groundwater and piles wholly below groundwater level) for a range of depths down to a penetration of 30m. Unit
weights of 18.1kN/m3 and 19.7kN/m3 were used for the dry loose and dense sands respectively. These values shown in
Figure 4.16 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.

Ultimate base resistance, ﬁ--h'-.!f"m 1
0 10 20 30 40
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Fig. 4.16 Approximate ultimate base resistance for foundationsin sand (after Kulhawy(4:24))

Figure 4.15b shows that * 0 values decrease with decreasing values of therigidity index. The latter decreases with

increasing depth of the pile base (equations 4.11 and 4.12). Also the ¢ values decrease with increas ng confining pressure
and hence with increase of depth. This explains the trend to the reduction in the rate of increase of base resistance with depth
referred to previoudly.

Reduction in the bearing capacity factor Nq with increase in penetration depths was also shown by Berezantsev et al.(4-29),

Their values of Nq related to ¥ and depth/width ratios as shown in Figure 4.17. Ultimate base resistance values using these

factors have been calculated for a closed end pile of 1220mm diameter driven into aloose sand having a uniform unit
submerged weight of 7.85kN/m3 in Figure 4.18a. The angle of shearing resistance of the sand has been assumed to decrease
from 30° at the soil surface to 28° at 30m depth. It will be seen that the Berezantsev Nq values gave lower base resistance

than those of Kulhawy.

A similar comparison was made for the 1220mm pile driven into a dense sand having a uniform unit submerged density of
10.8kN/m3. The angle of shearing resistance was assumed to decrease from 40° at the soil surface to 37° at 30m. Figure
4.18b shows that the Kulhawy base resistance values in this case were lower than those of Berezantsev. The penetration
depths in Figure 4.18b have been limited to 20m. Thisis 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 awall thickness of 25mm in high yield steel and 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 is9.7MN. This
exceeded at 12m and 20m 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 2.2.4.

The second term in equation 4.8 is used for calculating the skin friction on the pile shaft. The value of KS iscritical to the



evaluation of the skin friction and is the most difficult to determine reliably because
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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 K0 value. Drilling for bored piles

can loosen a dense sand, and thereby reduce the horizontal stress.

In anormally consolidated sand the in situ Ko Is constant with depth and the value of KS isthen modified only by the



installation process. Kulhawy(4:24) gives the following values of K, relatedtoK , asshowninTable4.1.



Page 119

Table 4.1 Values of the coefficient of horizontal soil stress, KS

Installation method KS/ Ko
Driven piles, large displacement 1lto2
Driven piles, small displacement 0.75t0 1.25
Bored and cast-in-place piles 0.70to 1
Jetted piles 0.50t0 0.7

Typical values of KO for anormally consolidated sand are:

Relative density K0
Loose 0.5
Medium-dense 0.45
Dense 0.35

If the cohesionless soil deposit is over-consolidated, that isto say, if it has been subjected to an overburden pressure at some
previous timein its history, and the pressure then removed by erosion, the K0 values can be very much higher, of the order of

1to 2 or more. It is possible to determine whether or not a cohesionless soil deposit is over-consolidated by reference to its
geological history or by testing in the field using standard penetration tests 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.

Kulhawy(4-24) points out that some over-consolidation is the rule rather than the exception in most soil deposits. This taken in

conjunction with the decrease in ¢ value with increas ng overburden pressure can result in calculated values of unit skin
friction decreasing with depth, thus leading to the commonly used design rule that the unit skin friction remains at a constant
value below a penetration depth of 10 to 20 diameters.

Kulhawy related the angle of friction, d, between the pile surface and the soil to the average effective angle of shearing

resistance, ¢ , over the length of the pile shaft as shown in Table 4.2.

Table 4.2 Values of the angle of pile to sail friction for various interface conditions

Pile/soil interface condition Angle of pile/sail friction, d
Smooth (coated) steel/sand 0.5¢ to 0.7

Rough (corrugated) steel/sand 0.7 to 0.9¢

Precast concrete/sand 0.8¢ to 1.0¢

Cast-in-place concrete/sand 106

Timber/sand 0.80 to 0.9

Published records of observed skin friction values obtained from tests on instrumented piles or from pull-out tests have
shown that the average skin friction along the pile shaft does not greatly exceed 100kN/m?2. The author uses this figure as
peak value for skin friction on straight sided piles. Tapered piles can mobilize much higher skin friction because of the higher
horizontal stress at the pile/soil interface. Nordlund(4.26) indicates that the unit skin friction isincreased by afactor of at least
1.5 for an angle of taper of 0.5 degrees (approximately 1%). The effects of cyclic loading on the skin friction resistance of

driven pilesin cohesionless soils are discussed in 6.2.2.
Typical curves for the cumulative skin friction, base resistance and total resistance mobilized with increasing depth for a
precast concrete pile driven into a medium dense sand are shown in Figure 4.19.

4.3.2 Driven pilesin cohesionless soils

Driving pilesinto loose cohesionless soils densifies the soil around the pile shaft and beneath the base. Increase in shaft



friction can be allowed by using the higher values of KS related to K0 from Table 4.1. However, it is not usual to allow any

increase in the @ values and hence the bearing capacity factors Nq or Ny 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 above. 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. The soil tends to degrade under
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Fig. 4.19 Typical curves showing development of cumulative skin friction, base resistance and
total resistance for a precast concrete pile driven into a medium-dense sand (groundwater level
at ground level).

the impact of hammer blows to a silt-sized material with a marked reduction in the angle of shearing resistance.

Because of these factors the few published records for driven piles which have been observed from instrumented tests have
not shown values of the ultimate base resistance much higher than 11IMN/m2. The author uses this figure for closed-end piles
asapractical peak value for ordinary design purposes but recognises that higher resistances up to a peak of 22MN/m?2 may be
possible when driving a pile into a dense soil consisting of hard angular particles. Such high values should not be adopted for
design purposes unless proved by loading tests.

Figure 4.18b 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 arelatively short penetration. The total skin friction
for short penetrationsis a small proportion only of the total pile resistance. Therefore, if the peak base resistance of 11IMN/
m?2 is used for design there is no advantage in attempting to drive piles deeply into medium-dense to dense soils with the risk
of pile breakage in order to gain a small increase in shaft friction. On the other hand the proportion of skin friction on apile
driven into aloose sand is quite high relative to the base resistance. In the case of the 1220mm closed-end pile shown in
Figure 4.18a, the total skin friction at 30m penetration is roughly equal to or is about 30% of the base resistance depending

on whether the bearing capacity factors of Berezantsev or Kulhawy are used to determine the latter. Hence deep driving into
aloose sand deposit may be the only means of using economically the allowable load on the pile shaft.

H-section piles are not economical for carrying high compression loading when driven into cohesionless soils. 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 skin friction. The latter is calculated on the
total surface of the web and flanges in contact with the soil. At Nigg in Scotland soil displacements of only afew centimetres
were observed on each side of the flanges of H-piles driven about 15m into silty sand, indicating that no plugging had
occurred over the full depth of the pile shaft. The base resistance of these piles can be increased by welding short stubs or
wings (see Figure 2.184) at the toe. Some skin friction islost on the portion of the shaft above these base enlargements.

The maximum working stress on proprietary types of precast concrete jointed pilesisin the range of 10MN/m2 to 17MN/m2,
Therefore if the peak design ultimate resistance of 11IMN/m? is adopted
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the piles will have to develop substantial skin friction to enable the maximum working load to be utilised. Thisisfeasiblein
loose to medium-dense sands (Figure 4.19) but impracticable in dense sands or medium-dense to dense sandy gravels. In the

latter case peak base resistance values higher than 11IMN/m2 may be feasible, particularly in flint gravels.

4.3.3 Pileswith open-endsdriven into cohesionless soils

It was noted in Section 4.3.1 that it is frequently necessary to drive piles supporting off-shore petroleum production platforms
to avery great depth below the sea bed in order to obtain the required resistance to uplift loading by skin friction. Driving
tubular piles with open ends is usually necessary to achieve the required penetration depth. Driving isrelatively easy, even
through dense soils, because with each blow of the hammer the overall pile diameter increases slightly thereby pushing 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 isfound around each side of the pile wall allowing the pile to slip down. Flexure of the
pile in the stick-up length above sea bed also causes |low resistance to penetration.

At some stage during driving a plug of soil tendsto 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 formsis uncertain; it may form and then yield as denser soil layers are penetrated. It was noted in
Section 2.2.4 that 1067mm steel tube piles showed little indication of a plug moving down with the pile when they were
driven to adepth of 22.6m through loose becoming medium dense to dense silty sands and gravelsin Cromarty Firth. No
plugging, even at great penetration depths, may occur in uncemented or weakly cemented calcareous soils. Dutt et al.(4:27)
described experiences when driving 1.55m diameter steel piles with open ends into carbonate soils derived from coral
detritus. The pilesfell freely to a depth of 21m below sea bed when tapped by a hammer with an 18-tonne ram. At 73m the
driving resistance was only 15 blows/0.3m.

Generally the pile design for offshore gas and petroleum platformsis required by certifying authorities to conform to the
recommendations of the American Petroleum Institute(34) For the case of open-end piles API recommend that the total pile
resistance should be taken as the sum of the external skin friction, the end-bearing on the pile wall annulus, and the total
internal skin friction; or the end-bearing resistance of the plug, whichever isless. For piles considered to be solidly plugged
the end-bearing is assumed to act over the entire cross-sectional area of the pile. These are somewhat unrealistic concepts. In

order to mobilize total plug resistance in internal skin friction the relative pile/soil movement at the top of the plug must be *
1% of the pile diameter. Thus with a large-diameter pile and along plug a considerable movement at the toe will be needed
to mobilize peak skin friction resistance over the whole length.

Another uncertain factor isthe ability of the soil plug to achieve resistance to yielding by arching action across the pile
interior in order to provide aresistance equivalent to that of a solid end pile. Research has shown that the arching capacity is
related principally to the diameter of the pile. Clearly it is unrelated to the in-situ density of the soil below the pile toe
because the soil forming the plug is compacted by the pile driving. Kishida and Isemoto(4.28) set up steel cylinders of five
different diameters ranging from 300 to 1000mm. They were filled with dry sand ‘rained-in’ to give plugs of lengths up to
four diameters. The force required to push up the sand plug by aram acting on the base of the cylinder was measured for
each diameter and plug length. The results are shown in summary form in Figure 4.20. They were compared with analyses

made by a finite element method and it was found possible to reproduce the laboratory results with reasonably close
agreement. Kisheda and I semoto concluded that

1. The sand within two pile diameters from the bottom of the plug was heavily compacted by the force from the ram.

2. The resistance to the force was provided mainly by frictional resistance to the plug arching over alength of two pile
diameters.

3. The sand above two pile diameters was scarcely compacted, but the pressure of this overlying sand added substantially
to the force required to push up the plug.

4. The ultimate unit force decreased with increase of cylinder diameter.

Figure 4.21 shows the observed end-bearing resistance of open-end piles plugged with sand at six sites. At all the sitesthe
piles terminated in dense or very dense sands or gravelly sands. The resultsin Figure 4.21 cannot be compared directly with
those shown in Figure 4.20 because the plugs were formed in different ways—in the research work by static force, and at the

six sites by driving the piles. Thereis no apparent trend of decreasing end-bearing resistance with increase of pile diameter or
with reduction
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in the ratio of plug length to diameter. Because the piles were driven into dense or very dense soils it is evident that the
yielding occurred within the plug, not by failure of the soil below the plug.
Figure 4.21 makesit clear that if the API limiting values of base resistance had been used for design the end-bearing capacity
of the piles would have been grossly over-estimated. The results suggest a limiting value of SMN/m?2 for open-end piles

irrespective of diameter or of the density of the soilsinto which they are driven. This value should be used in conjunction
with a safety factor of 2.5.

Measures to increase the base resistance of open-end piles driven into cohesionless soils are described in Section 8.3.

4.3.4 Grouted driven piles

The problem of low values of unit skin friction caused by the degradation of friable soil particles when driving pilesinto

uncemented or weakly-cemented cal careous soils was mentioned in Section 4.3.2. A process of injecting grout under

pressure into the interface between the exterior of the shaft and the surrounding soil after completion of driving atubular

steel pile has been developed by the French company Solmarine. Barthelemy et al.(4:32) claimed that the unit skin friction on
piles driven into calcareous soils at offshore locations in Australia was increased by ten times or more.
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Fig. 4.22 Equipment for skin grouting around tubular pile

The process utilizes the tube-a-manchette device for injecting and re-injecting grout under pressure selectively at any
predetermined level. The grouting arrangements are shown in Figure 4.22. The grout is injected through small openings
spaced at selected vertical intervals down the pile wall. The holes are covered by arubber sheet such that back-flow of the
grout cannot occur. Access to these non-return valves is made by a 50 to 100mm diameter conductor tube extending from
pile head to toe level. To inject grout at any selected point the grout line, with a double packer to close off the tube above and
below the non-return valve, islowered down the tube and the packers are inflated. The grout isinjected and the grout lineis
then moved to the next valve position. A return line allows grout to be circulated back to the mixing plant at the surface. The
aim isto obtain, as far as practicable, a uniform skin of grout around the pile shaft.

4.3.5 Driven-and-cast-in-place pilesin cohesionless soils

Both the base resistance and shaft friction of driven-and-cast-in-situ piles can be calculated in the same way as described for
driven pilesin the preceding section. The installation of driven-and-cast-in-situ 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 isrestored, if not exceeded, asthe 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 ramming or vibrating. 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 isnot 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 utilization of the end-bearing resistance may not be possible because of the need to keep the
compressive stress on the pile shaft within safe limits (see Table 2.10). The Code of Practice, BS 8004, allows a maximum

working stress of 0.25 times the cube compression strength. If the latter is taken as 25MN/m2, the allowable stressin the pile
shaft at the working load is 6.25MN/m2. Therefore only a minor base enlargement is required if the peak ultimate base
resistance of 11IMN/m2 is adopted.

4.3.6 Bor ed-and-cast-in-place pilesin cohesionless soils

If drilling for the pilesis undertaken by baler (see 3.3.5) or by grabbing under water there is considerable |loosening of the
soil beneath the pile toe as the sail is drawn or slumps towards these tools. This causes a marked reduction in end-bearing
resistance and skin friction, since both these components must then be calculated on the basis of alow relative density

(¢=28 to 3r) Only if the piles are drilled by power auger or reverse-circulation methods in conjunction with a bentonite
slurry or by drilling under water using a base grouting technique as described in 3.3.7 can the end-bearing resistance be
calculated
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on the angle of shearing resistance of the undisturbed soil. However, the effects of entrapping slurry beneath the pile toe(3.11)
must be considered. L oading tests should be made to prove that the bentonite technique will give a satisfactory end-bearing
resistance. If there are indications that the entrapment of slurry beneath the toe cannot be avoided, the appropriate reduction
in resistance should be made. Fleming and Sliwinski(4:14) suggest that the shaft friction on bored piles, as calculated from a
coefficient of friction and the effective lateral pressure, should be reduced by 10 to 30% if a bentonite slurry is used for
drilling in a cohesionless soil. Tests reported by Broms and Hill(4:33) showed that the skin friction on steel shell step-tapered
pilesinserted and driven into a hole pre-drilled by using bentonite slurry was only 35% of the value observed with holes pre-
drilled without slurry. In contrast to this observation, however, the satisfactory use of bentonite techniques for constructing
bored piles in sand has been indicated by the research of Reese et al.(3:11)),

The effects of loosening of the soil by conventional drilling techniques on the skin-frictional and base resistances of a bored
pilein adense sand iswell illustrated by the comparative |oading tests shown in Figure 4.22(a). Bored piles having a nominal
shaft diameter of 483mm and a driven precast concrete shell pile (West's pile) with a shaft diameter of 508mm were installed
through peat and loose fine sand into dense sand. The bored piles with toe levels at 4.6 and 9.1m failed at 220 and 350kN
respectively, while the single precast concrete pile which was only 4m long carried a 750kN test load with negligible
settlement.

4.3.7 Theuse of in-situ teststo predict the ultimate resistance of pilesin cohesionless soils

It has been noted that the major component of the ultimate resistance of pilesin dense cohesionless soilsis the base
resistance. However, Figures 4.15 and 4.18 show that the values of Nq are very sensitive
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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 loosened the soil, which can happen if incorrect techniques are used (see 11.1.4), then the base
resistance of any form of driven pileis grossly underestimated. It is very unlikely that the boring method will compact the
soil, and thus any over-estimation of the shearing resistanceis unlikely.

A reliable method of predicting the skin friction and base resistance of driven and driven-and-cast-in-place pilesisto use the
static cone penetrometer (Dutch cone) at the site investigation stage (see 11.1.4). This equipment produces a curve of cone
penetration resistance with depth (Figure 4.49). Extensive experience with pile predictions based on the cone penetrometer in
Holland has produced a set of design rules which have been summarised by Meigh(4-34),

Although most engineers in Holland and others el sewhere base skin friction values on the measured local sleeve friction (fs),

the author prefers to use established empirical correlations between unit skin friction and cone resistance (qc). Thisis because

the cone resistance values are more sensitive to variationsin soil density than the sleeve friction and identification of the soil
type from the ratio of q, to fS Is not always clear-cut. Empirical relationships of pile skin friction to cone resistance are shown

in Table 4.3.
Table 4.3 Relationships between pile skin friction and cone resistance (after Meigh(4:34))

Piletype Ultimate unit skin friction
Timber 0.012 9,

Precast concrete 0.012 q,

Precast concrete enlarged base” 0.018q_

Steel displacement 0.012 9,

Open-ended stee! tube’ 0.008 g

Open-ended steel tube driven into fine to medium sand 0.0033

* Applicable only to piles driven in dense groups otherwise use 0.003 where shaft size is less than enlarged base.
T Also applicable to H-section piles.

A limiting value of 0.12MN/m?Z is used for the ultimate skin friction. The values shown in Table 4.3 are applicable to piles
under static compression loading and a safety factor of 2.5 is used for q, values obtained from the electrical cone and 3.0 for

the mechanical cone (see Chapter 11). A somewhat higher safety factor would be used for piles subjected to cyclic
compression loading to allow for degradation of the assumed siliceous sand (see Section 6.2.2 for piles carrying uplift
loading).

Cone-resistance values should not be used to determine the skin friction to the shafts of bored piles. Thisis because of the
loosening of the soil caused by drilling as described in the preceding section.

The end-bearing resistance of pilesis calculated from the relationship

GFeetr = 0 ...(4.13)

where 9« isthe 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 curveis

then drawn through the plots either visually or using a statistical method. The allowable base pressure is then determined
from the value of the average curve at pile toe level divided by the appropriate safety factor (Figure 4.23a). The value of the
safety factor will depend on the scatter of results. It isnormally 2.5 but it is agood practice to draw alower bound line
through the lower cone-resistance values, ignoring sharp peak depressions provided that these are not clay bands in a sand
deposit. The allowable base pressure selected from the average curve should have a small safety factor when calculated from
the lower bound q.at the toe level (Figure 4.23a).

The method generally used in the Netherlands is to take the average cone resistance (Ge=1) over adepth of up to four pile



diameters below the pile toe, and the average (ge-2) eight pile diameters above the toe as described by Meigh(4:34),
The ultimate base resistance is then

o1t G-z ...(4.19)
Gutr = 9

F=)

The shape of the cone-resistance diagram is studied before selecting the range of depth below the pile to obtain Ge—1, Where
the q, Increases continuously to a depth of 4D below the toe, the average value
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Fig. 4.23 Use of static cone penetration tests (CPT) to obtain design values of average cone
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of §c-1is obtained only over adepth of 0.7D). If there is a sudden decrease in resistance between 0.7D and 4D the lowest

value in this range should be selected for Ge-1 (Figure 4.23b). To obtain de—2 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 provided that they do not represent clay bands; values of q, higher than 30OMN/

m?2 are disregarded over the 4D-8D range.
Safety factors generally used in the Netherlands in conjunction with the *4D—8D’ method to obtain the allowable pile load
are given by te Kamp(4-39) as

Timber 1.7
Precast concrete, straight shaft 2.0
Precast concrete, enlarged shaft 25

An upper limit is placed on the value of the ultimate base resistance obtained by either of the methods shown in Figure 4.23.
Upper limiting values depend on the particle-size distribution and over-consolidation ratio and are shown in Figure 4.24.
Values of the ultimate skin friction obtained from Table 4.3 and base resistance from equation 4.13 are empirically derived
and correspond to g\ and Oy, in Eurocode 7. Hence values of Q " and Qbk obtained from them should be factored to obtain

the design values of QS and Qb.

Cone-resistance values cannot be used to obtain the end-bearing resistance of bored and cast-in-place piles because of the
loosening of the soil caused by drilling as described in the preceding chapter.

A further factor must be considered when calculating pile skin friction and end-bearing resistance from CPT data. Thisisthe
effect on changes in overburden pressure on the q. (and aso local friction) values at any given level. Changes in overburden

pressure can result from excavation, scour of ariver or seabed, or the loading of the ground surface by placing fill. The
direct relationship between q, and overburden pressure is evident from Figure 4.14. Taking the case of anormally-

consolidated sand deposit the ratio of the vertical to horizontal effective stress is denoted by the coefficient for horizontal
earth pressure at rest (Konc). When the vertical effective stress une is reduced by excavation to anew value & ve the value of



K___isnot reduced in the ratio of 7 vnto Ty but it is reduced to some value
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Ko—l depending on the degree of unloading (”:'-rf"r‘-":'nf). The degree of unloading is a function of depth. The effects are most

marked in the shallow layers below the new excavation level becoming less marked with increasing depth when the
overburden pressure changes become proportionately smaller. Small reductions in overburden pressure cause only elastic
movements in the assembly of soil particles. Larger
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reductions cause plastic yielding of the assembly and a proportionate reduction of horizontal pressures. Broug4-37) has
shown that the threshold value for the change from elastic to elastoplastic behaviour of the soil assembly occurs when the
degree of unloading becomes less than 0.4.

The effect of unloading on cone resistance val ues was shown by de Gijt and Brassinga4-36). Figure 4.25a shows qC/depth

plots before and after dredging to a depth of 30m in the normally-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 10m
below the new harbour bed caused the reduction in cone resistance shown in Figure 4.25a. The difference between the

observed new cone resistance and the mean line predicted from the Broug curves (Figure 4.25b) did not exceed 5%.

The effects are most marked where the soil deposits contain weak particles such as micaceous or carbonate sands. Broug(4-37)
described field tests and |aboratory experiments on sands containing 2 to 5% of micaceous particles. These studies were
made in connection with the design of piled foundations for the Jamuna River bridge in Bangladesh where scour depths of 30
to 35m occur at times of major floods.

The basis of evaluating the change in cone resistance due to overburden changes is the effect of horizontal stress on the
resistance to penetration of the cone. The horizontal stress depends on the density of the soil mass, the mineralogy of the
particles and their configuration in the assembly. The ratio between the new and original horizontal pressure governsthe
degree of changein g The new cone resistance is given by the equation

K, % r < au ...(4.419)
K-I'"rl:' X ﬂl'-‘rl.'

":?r.rr -

where q., is the new cone resistance after excavation

K1 isthe coefficient of horizontal stress after excavation

KOnc isthe coefficient of horizontal stress before excavation (in normally-consolidated sand Koncz 0.3t00.4)
Ty isthe vertical effective stress after excavation

T e isthe vertical effective stress before excavation

q,, isthe original cone resistance before excavation.

Values of Ko—l can be obtained from Figure 4.25b for various degrees of unloading as represented by ¢ v/ Fime These values

were obtained by Broug(“37) from cyclic oedometer tests on quartz sand (Monterey), compacted to arange of densities and
from Ko-triaxial tests on micaceous quartz sand from the Jamuna River. A quartz sand, with strong particles, will show a
relatively small reduction of the horizontal stress coefficient and hence in the cone resistance. Conversely, micaceous sand,
with quartz particles partly separated by the weak mica, will show arelatively high reduction of the horizontal stress
coefficient and hence in the cone resistance.

Two sets of curves are shown on Figure 4.25b. The theoretical values of K,.1were obtained from analytical studies,

introducing a non-linear stress-strain relationship. Laboratory test results showed, for both sand types, that for degrees of
unloading less than 0.4 the K1 values deviated from the theoretical due to induced internal failure of the soil mass. The test

results led to the establishment of the practical values of K1 in Figure 4.25b.

Even the assumption that any soil mass would be in normally consolidated condition prior to unloading, defined by stress
ratio Konc, has resulted in an excellent agreement between predicted and monitored cone resistance after unloading. This

means that calculation of g, can be carried out with sufficient accuracy with the assumption of a normally-consolidated
condition, as defined by the stressratio KOnc before unloading.

The relationship established for Dutch soil conditions, shown in equation 4.13, is not necessarily applicable to cohesionless
soils everywhere. The yielding and rupture of the soil caused by pushing a cone into the ground are different from those
resulting from driving a pile by hammer followed by static loading. The work of Vesic(4:23) has shown the importance of the
state of preconsolidation and mineralogy of the soil grainsin any correlation of in-situ conditions with pile resistance. It may
be fortuitous that the static cone resistance in Holland (and Belgium) was found to be equal to the pile base resistance.



Elsewhere Gregersen et al.(4:38) found the pile base resistance to be only one-half of the cone resistance for loose medium to
coarse sands in Norway, and Gruteman et al.(4-39) reported that afactor of 0.75 is applied to the cone resistance to obtain the
ultimate base resistance of pilesin silty sandsin Russia

It will have been noted that the static cone penetration test, which measures the resistance of the undisturbed soil, isused asa
measure of the resistance to penetration of a pile into a soil which has been compacted by the pile driving. Heijnen(4:40)
measured the cone resistance of aloose to medium-dense
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silty fine sand before and after installing driven-and-cast-in-situ piles. The increase in resistance at various distances from the
1m diameter enlarged base caused by the pile driving was as follows.

Distance from pile axis (m) Increase in static cone resistance (%)
1 50to 100
2 About 33
35 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 4.13. This indicates that the effect
of compaction both in driven and driven-and-cast-in-situ piles is already allowed for when using this equation.

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 base resistance should be
taken as one-half of the static cone resistance with the application of afactor of safety of 2.5 to obtain the allowable unit
pressure on the base of the pile. Experience has shown that if a safety factor of 2.5 is applied to the ultimate base resistance
as calculated from the cone resistance the settlement at the working load is unlikely to exceed 10mm for piles of base widths
up to about 500mm. For larger base widths it is desirable to check that pile head settlements resulting from the design end-
bearing pressure are within tolerable limits. Pile head settlements can be cal culated using the methods described in Section

4.6.

4.3.8 Time effectsfor pilesin cohesionless soils

It was noted in Section 4.2.4 that a marked increase in the bearing capacity of piles driven into soft clays could occur after a

period of months or years after completion of driving, whereas there may be a reduction in capacity of up to 20% for piles
driven into stiff clays. It isnot usual to alow for increase in reduction in bearing capacity of either driven or bored pilesin
cohesionless soils but the engineer should be aware of a possible reduction in capacity where piles are driven into fine sands
and silts.

Peck et al.(4:20) 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 development of negative pore pressures (Art. 4.7) during the shearing displacements
associated with insertion 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 pilesinto dense
sandy clayey silts for the foundations of the new Galata Bridge in Istanbul (4-30), The relaxation in capacity of the 2m OD
pilesin terms of blows per 250mm penetration is shown in Figure 4.26. 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 hours after completing a stage of driving. The widely varying time periods shown in Figure
4.26 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 emphasize the need to make re-driving tests after aminimum period of 24 hours has el apsed after
completing the initial drive. Loading tests should not be made on pilesin cohesionless soils until at least seven 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 Pilesin soilsinter mediate 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 resistance can be calculated for the case of drained loading using

eguation 4.9. The angle of shearing resistance used for obtaining the bearing capacity factors Ny and Ny should be the
effective angle & obtained from unconsolidated
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drained triaxial compression tests. Alternatively, the effective strength parameters can be used in conjunction with Terzaghi’s
general equation for the bearing capacity of shallow foundations:

Gy =1.3¢'N.+ &, (N, — 1) + 0.4yBN, ...(4.15)

Values of the bearing capacity factors NC and Nq are given in Figure 4.27. In auniform soil deposit this equation gives a

linear relationship for the increase of base resistance with depth. Therefore the base resistance should not exceed the peak
value of 11MN/m?2 unless pile loading tests show that higher ultimate values can be obtained.

The effective overburden pressure, & “va, in equation 4.15 is the total overburden pressure minus the pore water pressure at
the pile toe level. Where the latter is below groundwater level, the submerged density should be used for gin the second term.

The skin friction should be calculated from the second term in equation 4.8, again using the drained angle, ‘55", to obtain the

friction angle, d. It isimportant to distinguish between uniform e-® gjlsand layered c and ¢ soils, as sometimes the
layering is not detected in a poorly executed soil investigation.
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Fig. 4.27 Terzaghi’ s bearing capacity factors, NC, Nq and Ngfor shallow foundations (to be used

in conjunction with equation 4.15)

4.5 Pilesin layer ed cohesive and cohesionless soils

It will be appreciated from Sections 4.2 and 4.3 that pilesin cohesive soils have arelatively high skin friction and alow end-
bearing resistance, and in cohesionless soils the reverse is the case. Therefore when piles are installed in layered soils the
location of the piletoeis of great importance. The first essential isto obtain areliable 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 utilize the potentially high end-bearing resistance provided
by adense 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-situ piles are to be installed, problems can arise when piles are driven to an arbitrary ‘ set’
to alevel close to the base of the bearing stratum, with the consequent risk of a breakthrough to the weaker clay layer when
the piles are subjected to their working load (Figure 4.284). 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 4.28b). The end-
bearing resistance can be calculated conservatively on the assumption that the pile always terminates within or just above the
cohesive soil layer, i.e., by basing the resistance on that provided by the latter layer. Thisisthe only possible solution 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 cohesionless soil layer has been adequately explored to
establish its thickness and continuity. A method of calculating the base resistance of a pile located in athick stiff or dense

layer underlain by aweak stratum has been established by Meyerhof(4:3). In Figure 4.29 the unit base resistance of the pileis
given by the equation:
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}If — ces (416)
= { iF !.f S
gy = g 0B q:
where a, is the ultimate base resistance in the lower weak layer
ql 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
B isthe width of the pile at the toe

The author adopted the following procedure for the piled foundations of British Coal’ s bulk-handling plant at Immingham,
where alayer of fairly dense sandy gravel was shown to exist at a depth of about 14.6m below ground level. The thickness of
the gravel varied between 0.75 and 1.5m and it lay between thick deposits of firm to stiff boulder clay. The end-bearing
resistance in the gravel of the 508mm diameter driven-and-cast-in-situ piles was more than 3000kN as derived from loading
tests to obtain separate evaluations of skin friction 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 1000kN
and the safety factor of the pile would be reduced to 1.2 at the working load of 800kN. This safety factor was inadequate, and
it was then necessary to drive the pile some 3.6m deeper to mobilize additional skin friction so asto raise the safety factor to
a satisfactory value. A careful record was made to compare the driving resistance of piles driven completely through the
gravel to a deeper penetration and those terminating on the gravel layer (Figure 4.30). An evaluation of thisrecord led to the

establishment of the following rules.

1. When the driving resistance in the gravel increased rapidly from 20mm per blow to 5mm per blow for a complete
300mm 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 75mm without any reduction in the driving resistance.

3. If the resistance was not maintained at 5mm 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
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gravel at Immingham

to be driven further to atotal penetration of 20m, which was about 3 to 4m below the base of the gravel, to obtain the
required additional skin-frictional resistance.

The effects of driving pilesin groups onto aresistant layer underlain by aweaker compressible layer must be considered in
relation to the settlement of the group. This aspect is discussed in Chapter 5.

4.6 The settlement of the single pile at the working load for pilesin soil

It is necessary to divide the calculated ultimate resistance of the pile (or the ultimate resistance derived from load testing) by
a safety factor to obtain the design working load on the pile. A safety factor is required for the following reasons.

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

2. To provide for uncertainties in the cal culation method used.

3. To ensure that the working stresses on the material forming the pile shaft are within the 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.

The need for a safety factor to cover the uncertainties in the calculation methods will have been evident from the earlier part
of this chapter, and in thisrespect it is a‘factor of ignorance’ rather than a safety factor. With regard to reason 4 above, the
|oad-settlement curves obtained from a very large number of loading testsin a variety of soil types, both on displacement and
non-displacement piles, have shown that for piles of small to medium (up to 600mm) diameter, the settlement under the
working load will not exceed 10mm if the safety factor is not lower than 2.5. Thisis reassuring 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
working load not exceeding 10mm is satisfactory for most building and civil engineering structures provided that the group
settlement is not excessive.

However, for pileslarger than 600mm in diameter the problem of the settlement of the individual pile under the working load
becomes increasingly severe with the increase in diameter, requiring a separate evaluation of the skin friction and base load.
The question of the correct safety factor then becomes entirely the consideration of the permissible settlement. The load-
settlement relationships for the two components of skin friction and base resistance and for the total resistance of alarge-
diameter pilein astiff clay are shown in Figure 4.31. The maximum shaft resistance is mobilized at a settlement of only
10mm but the base resistance requires a settlement of nearly 150mm for it to become fully mobilized. At this stage the pile
has reached the point of ultimate resistance at afailure load of 4.2MN. A safety factor of 2 on this condition gives aworking
load of 2.1MN, under which the settlement of
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Fig. 4.31 Load-settlement relationships for large-diameter bored pilesin stiff clay

the pile will be nearly 5mm. This is well within the settlement which can be tolerated by ordinary building structures. The
full shaft resistance will have been mobilized at the working load, but only 22% of the ultimate base resistance will have
been brought into play. For economy in pile design the settlement at the working load should approach the limit which is
acceptable to the structural designer, and this usually involves mobilizing the full shaft resistance.

It is desirable at this stage to introduce the concept of partial safety factors on the ultimate shaft and base loads. Burland et al.
(4.41) have presented a simple stability criterion for bored pilesin clay which states that if an overall load factor of 2 is

stipul ated, together with a minimum factor of safety in end bearing of 3, then the maximum safe load on the pileis the lesser

of the two expressions ("" QP) and (Q; +1 Qh), where Qp isthe ultimate load on the whole pile, QS Is the ultimate load on the
shaft, and Qb isthe ultimate load on the base.

Burland et al. state that the first expression is nearly always dominant for straight-sided piles and for long piles with
comparatively small under-reams, whereas the second expression often controls piles with large under-reamed bases.
Satisfaction of the above criteria does not necessarily mean that the settlement at working load will be tolerable. Experience
based on loading tests on pilesin similar soil conditions may give a guide to the order of settlement that may be expected. If
there is no such experience available, then it may be necessary to undertake loading tests on full-scale piles. Thisis very
costly for large piles and a more economical procedure is to estimate values from the results of 1oading tests made on circular
plates at the bottom of the pile boreholes, or intria shafts.

Burland et al.(4:41) plotted the settlement of test plates divided by the plate diameter (pi/B) against the plate bearing pressure
divided by the ultimate bearing capacity for the soil beneath the plate (i.e., g/qgf) and obtained a curve of the type shown in
Figure 4.32. If the safety factor on the end-bearing load is greater than 3, the expression for this curveis

pl B=K xq/q; ...(4.17)

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 acircular pileisasfollows.

1. Obtain gf from the failure load given by the plate bearing test.



2. Check o against the value obtained by multiplying the shearing strength by the appropriate bearing capacity factor NC,

I.e., gf should equal Ncxcb.
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Fig. 4.32 Elastic settlements of bored pilesin London clay at Moorfields (after Burland, Butler
and Dunican(4:41))

3. Knowing qf, calculate the end-bearing resistance Q, of the pile from Q= Ay X qf.

4. Obtain the safe end-bearing load on the pile from W, =Qu/F , Where F is a safety factor greater than 3.
5. Obtain g from 4 = W/37B? and hence determine /g

6. From acurve of the type shown in Figure 4.32, read off r i/B for the value of q/qf and hence obtain ri (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 working load on the pile.

2. Reduce the load on the base by increasing the shaft resistance, i.e., by increasing the shaft diameter.

3. Increase the length of the shaft to mobilize greater shaft friction, and to take the base down to deeper and less-
compressible soil.

For pilesin London clay, K in equation 4.17 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. Having estimated the settlement of the
individual pile using the above procedure it is still necessary to consider the settlement of the pile group as awhole (see
Chapter 5).

The greater the length of the pile the greater is the pile head settlement. From their analyses of a large number of load/
settlement curves, Weltman and Healy(4:10) established a simple relationship for the settlement of straight shaft bored and
cast-in-place pilesin glacial till. The relationship given below assumed a pile diameter not greater than 600mm, aworking
stress on the pile shaft of about 3MN/m2, alength to diameter ratio of 10 or more, and stiff to hard glacial till with undrained
shear strengths in excess of 100kN/m2. The pile head settlement is given by:

{ ...(4.18
‘ﬂ=f in millimetres (4.18)

where Im isthe length of embedment in glacial till in metres.

Precast concrete piles and some types of cast-in-place piles are designed to carry working loads with shaft stresses much
higher than 3MN/m2. In such cases the settlement should be cal culated from equation 4.18 assuming a stress of 3MN/m?2.
The settlement should then be increased pro rata to the designed working stress.

The above 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 specified by
the Institution of Civil Engineers (Section 11.4) using the maintained loading procedure. More generally the pile settlements

can be calculated if the load carried by skin friction and the load transferred to the base at the working load can be reliably




estimated. The
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pile head settlement is then given by the sum of the elastic shortening of the shaft and the compression of the soil beneath the
base as follows:

(W, +2W,)L +1r.r W, B(l - 1!3}.’” ...(4.19)
Pm724E, 44, L
where WS and Wb are the loads on the pile shaft and base respectively
L Is the shaft length
AS and Ab are the cross-sectional area of the shaft and base respectively
Ep is the elastic modulus of the pile material
B isthe pile width
% is the Poisson’ s ratio of the soil
IP is an influence factor related to the ratio of L/R
Eb the deformation modulus of the soil beneath the pile base
0.5 W,

For a Poisson'sratio of 010 0.25 and L/B>5, | is taken as 0.5 when the last term approximates to BE,  vauesof E_are

obtained from plate loading tests at pile base level or from empirical relationships with the results of laboratory or in situ soil
testsgivenin 5.2 and 5.3.

The pile shaft settlements given by the first term in equation 4.19 assume atransfer load to the soil uniformly down the pile
shaft. It is clear from the discussion in 4.2.1 and 4.3.1 that the distribution is not uniform where a high proportion of the total
load is carried in skin friction on the shaft of deeply penetrating piles. A ssmple method of simulating load transfer from pile
to soil is the transfer function approach described by Vesic(4.23). The pile is assumed to be divided into n elements which are

L
considered as compressible short columns of length A1L. = —. The soil is represented by a series of non-linear springs one to
each element acting independently of one another. Another spring represents the compression of the soil beneath the pile
base (Figure 4.33). Each column is subjected to an axial force, Qi, skin friction, fi. The latter can be calculated from:

Qi — Qi _ A, ...(4.20)

J==par " PaL

where P is a perimeter of the column.
The elastic compression of the column is given by:

QAL ..(4.21)
" EA,

where AID is the cross-sectional area of the column.

From the above a set of simultaneous equations can be derived which, providing the axial forces are known, and one
boundary displacement is known or can be assumed, permit the displacements along the pile to be determined. The axial
forces on the pile are calculated from the ‘transfer function’ which isan empirical or semi-empirical relationship of the form:

AQ =0, — O = «(AL) ..(4.22)

The transfer function, k, is determined analytically or determined experimentally(4:42),

The principal shortcoming of the transfer function method is that the ‘ springs’ act independently of one another, that is, any
soil layer represented by a spring is unaffected by movements in the layers above and below. The elastic continuum method
avoids this problem by assuming that each element forms part of arigid incompressible pile surrounded by compressible soil
consisting of ahomogeneous, elastic, isotropic continuum. The axial load at the pile head is resisted by frictional forces on
each element. The displacements of each element are obtained from Mindlin’s equation for the displacements due to a point



load in a semi-infinite mass. The resulting equations and the method of settlement analysis are described by Poulos(4:43), Slip

at the pile/sail interface can be allowed for by changing the magnitude of the friction force on the element.
The equations used in the transfer function and elastic continuum methods can be written in matrix form and evaluated by

digital computer. Both methods have the disadvantage that they over-simplify
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Fig. 4.33 Load-transfer analysis for the transfer function approach (after Vesic(4:23))

A

Ed

3 3
E -z curve
Vertical displacement, =
Pile/soil model
for finite element
method

e e e Y e

o bwd

Fig. 4.34 t-z curve for deformation of a pile under vertical axial loading

the deformations in the soil mass and ignore changes in the deformation characteristics of the soil caused by the pile
installation process and the subsequent loading of the pile. Finite element techniques have been used to simulate these effects
and to determine the resulting |load/deformation behaviour of the pile. These and other methods based on computer
techniques for modelling the response of piles and pile groups to axial loading were reviewed by Poulos(4:43). The load/
deformation behaviour can be presented in the form of t—z curves (Figure 4.34) relating the pile head settlement or uplift to a
range of loading up to the stage of failure. Similar curves can be presented for the compression of the pile base (qG—z curve).
It was noted at the beginning of this section that the adoption of nominal safety factorsin conjunction with conventional
methods of calculating pile bearing capacity can obviate the necessity of calculating
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working load settlements of small-diameter piles. However there is not the same mass of experience relating settlementsto
design loads obtained by Eurocode methods based on partial safety factors. Hence it is necessary to check that the design pile
capacity does not endanger the serviceability limit state of the supported structure. Equation 4.19 can be used for this check.
A materia factor of unity should be adopted for the design value of E "

4.7 Pilesbearing on rock

4.7.1 Driven piles

For maximum economy in the cross-sectional area of apileit is desirable to drive the pile to virtual refusal on a strong rock
stratum, thereby developing its maximum carrying capacity. Piles driven in this manner are regarded as wholly end bearing:
skin 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 overlying sound rock. If a pile can be driven
to near refusal on to a strong intact rock the safe working load on the pile is governed by the permissible working stress on
the material of the pile at the point of minimum cross-section; i.e., 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 along strut must be considered (see Section 7.5).

When steel piles are adopted, working loads based on the permissible working stress on the steel may result in concentrations
of very high loading on the rock beneath the toe of the pile. The ability of the rock to sustain this loading without yielding
depends partly on the compressive strength of the rock and partly on the frequency and inclination of fissures and jointsin
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 horizontal. 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 pilesto ensure full refusal conditions must be avoided. Thisis 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 working 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 thisreason 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 testsindicate a
deterioration in resistance, then loading tests must be made to ensure that the settlement under the working 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 occurrence of pile lifting due to soil heave. Methods of eliminating or minimizing the heave are
described in 5.7.

Steel tubes driven with open ends, or H-section piles are helpful in achieving the penetration of layers of weak or broken
rock to reach virtual refusal on a hard unweathered stratum. However, the penetration of such piles causes shattering and
disruption of the weak layersto the extent that the skin 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 astrong 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 methods given below for cal culating the ultimate bearing capacity assume that thisis the sum of the shaft and base
resistance. Both of these components are based on correlations between pile loading tests and the results of field testsin rock
formations or laboratory tests on core specimens. Hence when following Eurocode 7 recommendations the separate
components of shaft and base resi stance should be factored as described in Section 4.2.1 for pilesin clay.
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Where the joints are spaced widely, that is at 600mm or more apart, or where the joints are tightly closed and remain closed
after pile driving, the ultimate base resistance may be calculated from the equation:

-I'.?h == E J'"'l'-‘_ﬁqm- . (423)
where the bearing capacity factor,

N, = tan’ L45‘* + %)

For a coarse sandstone which typically has Pvalues between 40° and 45°, the base resistance is stated by Pellsand Turner
(4.44) to be between 9 and 12 times O, Wylliel4-59) gives the following friction angles for intact rock which should be used

only as a guide because of the wide variations which can occur due to site conditions.

Classification Type Friction angle (degrees)

Low friction Schists (high mica content) 20to 27
Shale
Marl

Medium friction Sandstone 27t0 34
Siltstone
Chalk
Gneiss
Slate

High friction Basalt 341040
Granite

The values of Ng obtained from the friction angle of an intact rock can be reduced substantially if the rock mass has open or
clay-filled joints, or if joints which are tightly closed in situ are subsequently opened by pile displacement and vibrations. In
the case of open joints the ultimate base resistance may be no more than the unconfined compression strength, 0, of the

intact rock.

It may be possible to measure, by laboratory testing, the parameters ¢ and P of ajointed rock mass. Kulhawy and Goodman
(4.45) state that the ultimate bearing capacity of the jointed rock beneath the pile toe can be obtained by the equation

pBN. i ...(4.239)
q-h-h = 'E-I.I'..Ii'rf + _E-"r: + }’.!I.}.IHII' i
wherec is the cohesion
B isthe pile base width
D is the base depth below the rock surface
g isthe effective density of the rock mass
Nc’ Ng and Nq are bearing capacity factorsrelated to @ and shown in Figure 4.35

The above equation represents wedge failure conditions beneath a strip foundation and should not be confused with
Terzaghi’ s equation (4.15). It should also be noted that the bearing capacity factors are different from those in Figure 4.27.

Because equation 4.23ais for strip loading the value of cNC should be multiplied by afactor of 1.25 for asquare pile or 1.2
for acircular pile base. Also the term gBN g/2 should be corrected by the factors 0.8 or 0.7 for square or circular bases

respectively. Theterm gBNy/Z Issmall compared with cNC and is often neglected.

It can be difficult and expensive to obtain values of ¢ and @ from laboratory tests on large samples of jointed rock. Wyllie
(4.54) has given some characteristic values obtained from back-analyses of failuresin rock slopes. Kulhawy and Goodman



(4.45, 4.458) have shown that these parameters can be related to the rock quality designation (RQD values) of the mass and
they have suggested the following approximate relationships:

Rock mass properties

RQD (%) q. C @
0-70 O.33quc* O.lquc 30°
70-100 0.33to 0.8quc O.lquc 30-60°

* e is the unconfined compression strength of the intact rock.
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Fig. 4.35 Wedge bearing capacity factors for foundations on rock (Reprinted from Pells and
Turner, 1980)
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Fig. 4.36 Low resistance to driving of tubular steel piles provided by weak coral limestone
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Table 4.4 Observed ultimate base resistance values from plate or pile loading tests on weak rocks
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Plate or pile Bearing pressure at
diameter failure
Description of rock Pile type (mm) (MN/m2) Reference
Chalk (Grade 1-1) Plate 140 14.8-17.7 4.46
Chalk (Grade 1-1) Plate 140 6-8 4.46
Chalk (Grade I11-1V) Plate 450 4 4.46
Chalk (Grade l11-1V) Plate 150-760 2-5 4.46
Chalk (Gradelll) Plate 140 3.2-5.9 4.46
Chalk (Grade V) Driven 364 3.2 4.46
tube

Chalk (Grade IV-VI) Jacket tube 170 6.6-16.4 4.47
Mudstone, weathered (Keuper Marl) Bored 406 15 4.48
Mudstone, strong (Keuper Marl) Driven 508 4.9 4.48
Mudstone (Keuper Marl) (Zone I11-1V) Bored 740 53 4.49
Mudstone/siltstone, moderately weak Bored 900 | Unpubl.

ﬁ-ﬁ[% = n.ﬁ}
Mudstone, highly to moderately weathered, weak Plate 457 ( q Unpubl.

9.2 = 2.5)

qm’
Cretaceous mudstone, weak, weathered, clayey Bored 670 65 ] g ._r,) 4.50
’ (':?ul' -
Weak coral detrital limestone (carbonate siltstone/ Driven 762 T Unpubl.
sandstone) o =30
Calcareous sandstone, weak Driven 1200 s Unpubl.
tube 3.0 i 1 3)
Sandstone, weak to moderately weak Driven 275 19 ( i . 5) Unpubl.”
e

* From dynamic pile tests.

It isimportant to note that to mobilize the maximum base resistance obtained from equation 4.23, the settlement at the pile
toeislikely to be of the order of 20% of the base diameter. Therefore an ample safety factor, at least 2.5, should be adopted
to ensure that settlements at the working load are within allowable limits (see 4.7.4).
An alternative method of obtaining the ultimate base resistance of piles on weak weathered rocks isto refer to published
records obtained from pile or plate loading tests. Some published values are shown in Table 4.4. It will be noted that where

the average unconfined compression strength, Qe o Was known, the ultimate base resistance was no more than six times this

value.

Hobbs and Healy(4:46) have related the base resistance of pilesin chalk to the standard penetration test N-values
(blows/0.3m) by the expressions:

g, = 0.24N MN/m? for N < 30 ...(4.249)

gy = 0.2N MN/m? for N > 40 ...(4.24Dp)

Full utilization of the maximum cal culated base resistance or the permissible working stress on the material forming the pile
may involve heavy driving, resulting in unseen damage to the pile shaft. Because of this some codes of practice place alimit
on the maximum load which can be applied to a pile of agiven type, irrespective of its cross-sectional area, as discussed in
regard to the various types of pilein Chapter 2.

When in acompletely or highly weathered state, rocks such as chalk, shales, siltstones and mudstones behave like soils of a
clayey consistency and refusal is not reached until the piles have been driven to a stronger and relatively unweathered rock.
The required depth of penetration can usually be obtained by an examination of rock cores taken in conjunction with an



assessment of the standard penetration-test values (see 11.1.4) and the results of unconfined compression tests on rock

specimens. Generally, it is preferable to drive open-ended steel tubular piles or H-piles deeply into weak weathered rocks to
develop their resistance in combined end bearing and skin friction, rather than to employ solid plated ends with a shallow
penetration. Heavily driven plated piles are liable to be lifted off their seating as aresult of ground heave, or to rebound off
the compressed strata beneath the toe. The penetration depth required to develop the full carrying capacity of pilesin chak is
difficult to assess from an examination of borehole records and laboratory test data. Thisis because the entry of apile
pulverizes the chalk
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and breaks down its cellular structure. The water entrapped in the cellsis released and forms a slurry with the powdered rock,
the surfaces of the pile shaft become lubricated, and the softened rock is extruded into open fissures. Thereislittle increase in
skin friction or end resistance, and in fissured chalk thereislittle or no displacement of the rock. Thus piles can be driven
quite deeply into only moderately weathered chalk without any marked increase in the resistance to driving. It is believed,
but reliable quantitative data are scanty, that the skin friction increases substantially with an increase in time after driving.
For pile design either conservative assumptions as regards skin friction must be assumed, using for guidance the values given
below, or test piles must be driven to, say, three different penetration depths and subjected to loading teststo failure. The
loading tests must not be made until at least two weeks have elapsed from the date of driving.

The skin friction developed on piles driven into weak weathered rocks cannot always be cal culated from the results of
|aboratory tests on rock cores. The skin friction depends on such factors as the formation of an enlarged hole around the pile,
the slurrying and degradation of rocks, the reduction in skin friction due to shattering of the rock by driving adjacent piles,
and the presence of ground water. 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 aloose to medium-
dense sand. The ultimate skin friction can then be cal culated from the second term in equation 4.8 using the appropriate
values of KS and d. 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 skin friction calculated from
the methods described in 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 limestone to
the penetration of closed-end tubular steel piles at a coastal sitein Saudi Arabiais shown in Figure 4.36.

As noted above, chalk is aspecial case. Hobbs and Healy(4:46) have listed the published values for pilesin chalk in Table 4.5.
Hobbs and Healy stated from their analysis of the datain Table 4.5 that the skin friction could be

Table 4.5 Observed ultimate skin friction on piles driven into chalk

SPT N-value Ultimate skin friction

Description of chalk (blows/0.3m) Type of pile (KN/m2)
Weathered, shattered 10-25 Raymond step-taper 20-100
Unweathered 2540 Raymond step-taper 100220
Weathered to unweathered 5-30 H-section 42
Weathered to unweathered 540 H-section 8-19 (av. 14)
Wesathered 5-15 Steel, tubular 26
Weathered to unweathered 10-30 Stedl, tubular 35-100
Weathered to unweathered 10-30 Steel, tubular 10-100
Soliflucted and weathered 5-25 Precast concrete shell 30-55
Soliflucted and westhered 5-15 Precast concrete shell 15-50
Westhered 15-25 Precast concrete shell 50-110

Table 4.6 Observed ultimate skin friction values for piles driven into weak and weathered rocks

Ultimate skin friction
Piletype Rock description (KN/m2) Reference
H-section Moderately strong slightly weathered slaty mudstone 28" 4.52
H-section Moderately strong slightly weathered slaty mudstone 158t 4.52
Steel tube Very weak coral detrital limestone (carbonate sandstone/siltstone) 45 Unpubl.
Stedl tube Faintly to moderately weathered moderately strong to strong mudstone 127 Unpubl.
Steel tube Weak cal careous sandstone 45 Unpubl.
Precast concrete | Very weak closely fissured argillaceous siltstone (Keuper Marl) 130 4.53

* Penetration 1.25m T Penetration 2.2m
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Table 4.7 Ultimate shaft resistance for various types of pile in weathered chalk

Type of pile Ultimate shaft resistance
(KN/m2)
A Small displacement (H-sections, open-end steel tubes) 8to 87"
B Large displacement (Precast concrete, closed-end steel tubes and box-sections) 29t0 54
(Design average 35 to 40)
C Driven and cast-in-place (with zero slump concrete and expanded base) 9810 192
(Design average 150)

* Steel tube in strong chalk.

calculated in terms of effective stress. For the second term in equation 4.8 they give values of tan dof 0.35 and 0.45 for steel
and precast concrete piles respectively, and KS may be expressed as KS: 0.06N, where N is the standard penetration test N-

value. Other observed values of the skin friction on driven pilesare givenin Table 4.6.

In the keynote address to the 1989 International Chalk Symposium, Lord(“-31) expressed doubt on the validity of the effective
stress method for driven pilesin chalk. From the results of pile loading tests he gave arange of values shown in Table 4.7 for

different types of pilein weak and weathered chalk.

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. Their working load is governed by
the permissible working stress on the pile shaft at the point of minimum cross-section, or by code of practice requirements
(see Table 2.10). Where these piles are driven into weak or weathered rocks they should be regarded as partly friction and

partly end-bearing piles. Published values of skin friction are limited to those for chalk given by Lord(4:51) aslisted above. It
will be noted that they are higher than for driven piles. The driven-and-cast-in-place piles which incorporate an enlarged base
are very economical for weak rock conditions because of the considerable increase in end-bearing resistance which can be
obtained if abulb of an appreciable size is capable of being hammered out in the soil immediately above rock level or within
the weak rock.

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 working load is determined by the safe working stress on the pile shaft at the point of minimum
cross-section, or by code of practice requirements (see Table 2.11). Bored piles drilled down for some depth into weak or

weathered rocks and terminated within these rocks act partly as friction and partly as end-bearing piles. Wylliel454) givesa
detailed account of the factors governing the development of skin friction over the depth of the rock socket. The factors
which govern the bearing capacity and settlement of the pile are summarized as.

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 side walls, i.e. 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.

6. Settlement of the pilein relation to the elastic limit of the side wall strength.

7. Creep of the material at the rock/concrete interface resulting in increasing settlement with time.

The effect of the length/diameter ratio of the socket is shown in Figure 4.37 for the condition of the rock having a higher
elastic modulus than the concrete. It will be seen that if it is desired to utilize base resistance as well as socket friction the
socket length should be less than four pile diameters. The high interface stress over the upper part of the socket will be noted.
The condition of the side walls is an important factor. In aweak rock such as chalk, clayey shale, or clayey weathered marl,
the action of the drilling toolsisto cause softening and slurrying of the walls of the borehole and, in the most adverse case,
the skin friction corresponds to that typical of a smooth-bore hole in a soft clay. In stronger and fragmented rocks the
slurrying does not take place to the same
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extent, and there is atendency 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 rock-
head before continuing the drilling to form the rock socket, but the interior of the casing islikely to be heavily smeared with
clay which will be carried down by the drilling tools into the rock socket. Wyllie{4-54) suggests that if bentoniteis used as a
drilling fluid the rock socket skin friction should be reduced to 25 % of that of a clean socket unless tests can be made to
verify the actual friction which is devel oped.

Percentage of applied lcad Q carned in side-wall shear

o 20 40 (4] 80 100
i I — =

20

40
Parcentage of
Tull socked
length

ED .

ED -

B3 Rock. Ey
100 £ Concrete E,

Fig. 4.37 Distribution of side wall shear stressin relation to socket length and modulus ratio
(after Osterberg and Gill(4.59))
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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 unconfined compression strength of the rock and rock socket bond
stress have been established by Horvarth(4:56), Rosenberg and Journeaux(4-57) and Williams and Pells(4-58), The ultimate bond

stress, fs, isrelated to the average unconfined compression strength, q " by the equation:

fi = afig. ...(4.25)

where s areduction factor relating to 4 o 8shownin Figure 4.38
a

b Isacorrection factor related to the discontinuity spacing in the rock mass as shown in Figure 4.39.

The curve of Williams and Pellsin Figure 4.38 is higher than the other two, but the b factor is unity in all cases for the
Horvarth and the Rosenberg and Journeaux curves. It should aso be noted that the a factors for all three curves do not allow
for smearing of the rock socket caused by dragdown of clay overburden or degradation of the rock.

The b factor isrelated to the mass factor, j, which isthe ratio of the elastic modulus of the rock mass to that of the intact rock
as shown in Figure 4.40. If the mass factor is not known from loading tests or seismic velocity measurements, it can be
obtained approximately from the relationships with the rock quality designation (RQD) or the discontinuity spacing quoted
by Hobbs(4:59) as follows:

RQD (%) Fracture frequency per metre Mass factor |
0-25 15 0.2
25-50 15-8 0.2
50-75 85 0.2-0.5
7590 5-1 0.5-0.8
90-100 1 0.8-1

For the case of chalk, Hobbs and Heal y(4:46) quote observed rock socket skin friction values between 36kN/m? and 100kN/
m?2 for weathered becoming unweathered chalk with SPT N-valuesin the range of 7 to 26, and 100kN/m? to 470kN/m2 for
unwesathered chalk with N-values between 20 and 38. However, Lord(4-31) s of the opinion that the standard penetration test
IS not appropriate for assessing skin friction resistance for either bored or driven piles. He recommends the use, for design
purposes, of the range of values for bored piles shown in Table 4.8. Generally the skin friction resistances are higher than
those of driven piles reflecting the bond value given by keying of the cast-in-place concrete to the rough socket for bored
piles compared with the slurrying and degradation of chalk caused by the penetration of driven piles. Published and



unpublished values for rock socket friction in other rock types are given in Table 4.8.

The allowable end-bearing resistance of bored-and-cast-in-situ piles in weak rocks again depends on drilling techniques. The
use of percussive drilling tools can result in the formation of avery soft sludge at the bottom of the drill hole which can give

awrong impression of the true character of the rock.
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Table 4.8 Observed ultimate skin friction values for bored pilesin weak rocks
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Description of rock Ultimate skin friction (kN/m?2) Reference
Mudstone, weathered (Keuper Marl Zonell) 250-280 4.48
Mudstone, weathered (Keuper Marl Zone 1) 210 4.49
Mudstone, weathered (Keuper Marl Zone 111-V) 150-180 4.48
Mudstone, weathered (Keuper Marl Zone 111-V) 119 4.49
Siltstone, weak, westhered, fractured (q =2.6M N/m2, j=0.2) 550 Unpubl.
Mudstone/siltstone, moderately weak (quc—lM N/m2, j=0.2) 1030 Unpubl.
Shale, very wesk (g =0.45M N/m2) 311 4.58
Shale, daty, weathered 279" Unpubl.
Cretaceous mudstone, weak, weathered, clayey (quc—l.lM N/m2) 120-184 4.50
Diabase, highly weathered, weak, clayey (q, =0.3to 0.5MN/ m2) 122 4.60

* From anchor pulling test.

The sludge should be baled out and, if necessary, flushed out with air and water. Standard penetration tests made at the
bottom of the pile borehole give an indication of the quality of the rock, but conducting standard penetration tests at the base
of each pile borehole can cause considerable delays to progress. Mechanical auger or grabbing rigs are not designed to handle
sampling gear and rods in long lengths, and the operations of coupling-up lengths of guide tube and drill rod, lowering them
to the base of the hole, and removing them on completion of the test can be very time-consuming. Therefore it is best to
judge the required base level of the piles by examination and strength testing of large-diameter cores obtained from
exploratory drilling at the site investigation stage (see 11.1.3), with later correlation by an examination of the drill cuttings

from the pile boreholes. Assessment of pile base levels from rock coresis particularly necessary in thinly-bedded rock strata
where weak rocks alternate with stronger strata. In these cases the allowable end-bearing pressure should be based on the
characteristics of the weaker rocks, irrespective of the material in which the pile is terminated. It may be possible to assess
pile base levels by correlations with the measured torque on the drill stem of the mechanical auger.
If the unconfined compression strength and angle of shearing resistance of the rock are known, the ultimate base resistance
can then be calculated from equation 4.23 in the same manner as for driven piling. Again high calculated values should be
adopted with caution because of the base settlement (of the order of 20% of the pile diameter) which isrequired to mobilize
the ultimate resistance. Some authorities require the ultimate pile resistance to be determined either on the ultimate skin
friction alone, or only on the ultimate base resistance. The substantial settlements required to mobilize a high proportion of
the ultimate base resistance can cause breakdown of the rock socket bond. A reduction of 30% to 40% from the peak value



for shear displacements at the socket of little more than 15mm
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have been observed(4-38). It can also be difficult to remove soft or loose debris from the whole area of the pile base at the
time of final clean-out before concreting.

Where large diameter bored piles are constructed in weak compressible rocks the pile head settlement should be calculated
by the methods described in 4.7.4.

For pilesin chalk, Hobbs and Healy(4:46) state that equation 4.24 can be used for bored piles, but the calculated values should
be reduced by about 50% if heavy chisels or other drop tools are used causing deterioration of the chalk at the pile base. This
deterioration can cause serious reduction in the bearing capacity of an unweathered chalk. Some published values of base
resistance obtained from plate or pile loading tests are given in Table 4.4.

4.7.4 The settlement of the single pile at theworking load for pilesin rocks

The effects of load transfer from shaft to base of piles on the pile head settlements have been discussed by Wyllie4-54),
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 4.6 are suitable in most cases. For piles having base
diameters up to 600mm the settlement at the working load should not exceed 10mm if a safety factor of 2.5 has been applied
to the ultimate bearing capacity.

The settlement of large diameter piles can be calculated from equation 4.19. The modulus of deformation of the rock below
the pile toe can be obtained from plate bearing or pressuremeter tests or from empirical relationships devel oped between the
modulus and the unconfined compression strength of the rock givenin 5.5.

These relationships are not applicable to high porosity chalk or weathered silty mudstone (Keuper Marl). Some published
modulus values for these rocks applicable to piles are shown in Table 4.9. It should also be noted that the relationships given
in 5.5 assume fairly low stresslevels. 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.

Table 4.9 Values of deformation modulus applicable to piles and bearing on rock

Deformation modulus, E ’

Type of rock (MN/m2) Reference
Chalk (Gradel) 50-300 4.52
Chalk (Gradell) 30-50 4.52
Chalk (Grade 1) 20-30 4.52
Chalk (Grade 1V) 15-20 4.52
Chalk (Grade V) 12-15 4.52
Chalk (Grade V1) <12 4.52
Chalk (Grade 11l) 52-72 Unpubl.
Mudstone (Keuper Marl, Zone 1-1) 500-1200 453
Mudstone (Keuper Marl, Zone 1) 45 4.42

Pells and Turner(4:61) have derived influence factors for calculating the settlement of a bored pile where the load is carried by
rock socket skin friction only using the equation

Q1 ...(4.26)
Settlement = p = —+
= BE,
where Q isthe total load carried by the pile head
IIO is an influence factor
B is the diameter of the socket
E is the deformation modulus of the rock mass surrounding the shaft.

The influences factors of Pells and Turner are shown in Figure 4.41. Where the rock sockets are recessed bel ow the ground

surface or where alayer of soil or very weak rock overlies competent rock, a reduction factor is applied to equation 4.26.
Vaues of the reduction factor are shown in Figure 4.42.
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4.8 Pilesin 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 skin friction can be
assumed over the length of the pile shaft through the fill. Thisis because of the downward movement of thefill asit
compresses under its own weight or
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under the weight of further soil or surcharge placed over thefill area. The downward movement results in drag-down forces,
generally known as negative skin friction, on the pile shaft. Wherefill 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 aswell aswithin thefill.

Calculation of the magnitude of the negative skin friction is a complex problem which depends on the following factors.

1. Therelative 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 working load.

4. The rate of consolidation of the compressible layers.

The simplest caseisfill that is placed over arelatively incompressible rock with piles driven to refusal in the rock. The toe of
the pile does not yield under the combined working load and drag-down forces. Thus the negative skin friction on the upper
part of the pile shaft is equal to the fully mobilized value. Near the base of thefill its downward movement may be
insufficiently large to mobilize the full skin friction, and immediately above rock-head the fill will not settle at all relativeto
the pile shaft. Thus negative skin friction cannot occur at this point. The distribution of negative skin friction on the shaft of
the unloaded pileis shown in Figure 4.43a. If a heavy working 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 actsin support of the
pile although this contribution is neglected in calculating the pile resistance. The distribution of negative skin friction on the
shaft of the loaded pileis shown in Figure 4.43b. Where the fill has been placed at arelatively 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 re-activating the down drag force.

The ssmplified profile of negative skin friction for aloaded pile on an incompressible stratum is shown in Figure 4.43c. This
diagram can be used to cal culate the magnitude of the drag-down forces. The peak values for granular soils and fill material
are calculated by the method described in 4.3.

In the case where negative skin friction is developed in clays, the rate of loading must be considered. It was noted in 4.2.4
that the capacity of aclay to support apilein skin friction is substantially reduced if the load is applied to the pile at avery
slow rate. The same consideration applies to negative skin friction, but in this case it works advantageously in reducing the
magnitude of the drag-down force. In most cases of negative skin friction in clays the relative movement between the soil
which causes drag-down 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 processis very slow compared with the rate of application of the
working load to the pile.
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Meyerhof(4-3) advises that the negative skin friction on piles driven into soft to firm clays should be calculated in terms of
effective stress from the equation:

Tineg = B0l ...(4.27)

Values of the skin friction factor allowing for reduction of the effective angle of friction with increasing depth to the residual
value dr are shown in Figure 4.44.

Taking the case of apile bearing on a compressible stratum, where yielding of the pile toe occurs under the drag-down forces
and the subsequently applied working load, the downward movement of the pile relative to the lower part of the fill may then
be quite large, and such that negative skin friction is not devel oped over quite 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 mobilize the peak skin friction as a drag-down force. The distribution for the unloaded

pileisshown in Figure 4.45a.
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Fig. 4.45 Distribution of negative skin friction on piles terminated in compressible stratum

(a) No load on pile head
(b) Compressee load on pile head
(c) Design curve for loaded pile
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When the working 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 drag-down force.
The distribution of negative friction is then shown in Figure 4.45b. The diagram in Figure 4.45c can be used for design

purposes, with the peak value calculated as described in 4.3 for granular soils and fill and by using equation 4.27 and Figure
4.44 for soft to firm clays.
It may be seen from Figures 4.45ato 4.45c¢ that at no time does the maximum skin friction operate as a drag-down force over

the full length of the pile shaft. It is not suggested that these ssimplified profiles of distribution of negative skin friction
represent the actual conditionsin all cases where it occurs, since so much depends on the stage reached in the consolidation
of thefill, and the compression of the natural soil beneath thefill. The timeinterval between the installation of the pile and
the application of the working 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 skin 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 along period of years. The fill may also be causing consolidation and settlement of the natural soil, within
which the pile obtains its bearing. The case of recent fill placed over a compressible soil which becomes stiffer and less
compressible with depth is shown in Figure 4.46.
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Fig. 4.46 Distribution of negative skin friction on pile driven through recent fill into compressible
clay stratum

It is good practice to ignore the contribution to the support provided by skin friction over the length of a pile in soft clay,
where the pileis driven through a soft layer to less compressible soil. Thisis because of the drag-down force on the pile shaft
caused by heave and reconsolidation of the soft clay. The same effect occurs, of course, if apileisdriven into a stiff clay but
the stiff clay continuesto act in support of the pile if yielding at the toe is permitted.

Very large drag-down forces can occur on long piles. In some circumstances they may exceed the working load applied to
the head of the pile. Fellenius-64) measured the progressive increase in negative skin friction on two precast concrete piles
driven through 40m of soft compressible clay and 15m of less-compressible silt and sand. Reconsolidation of the soft clay
disturbed by pile driving contributed 300kN to the drag-down load over a period of 5 months. Thereafter, regiona settlement
caused a slow increase in negative skin friction at arate of 150kN per year. Seventeen months after pile driving aload of
440kN was added to each pile, followed by an additional load of 360kN 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 settlement 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
ayielding pile toe the amount of negative skin friction which can be devel oped depends entirely on the downward movement
of the piletoe relative to the settlement of the soil or fill causing the drag-down force. If the drag-down force 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 isdue



Page 152

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 distribution being as shown in Figure 4.45c or Figure 4.46.

Much greater drag-down loads occur with piles driven onto arelatively unyielding stratum. Johanessen and Bjerrum(4.65)
measured the development of negative skin friction on a stedl pile driven through 53m of soft clay to rock. Sand fill was
placed to athickness of 10m on the sea bed around the pile. The resulting consolidation of the clay produced a settlement of
1.2m at the original sea-bed level and a drag-down force of about 1500kN at the pile toe. It was estimated that the stressin
the steel near the toe could have been about 190N/mm?2, which probably caused the pile to punch into the rock, so relieving
some of the drag-down load. The average unit negative skin friction within the soft clay was equal to 100% of the undrained
shearing strength of the clay.

4.8.2 Safety factorsfor negative skin friction

Safety factors for piles subjected to negative skin friction require careful consideration. The concept of partial safety factors
(see 4.6) can be applied to the two components of permanent working load and negative skin friction. Thusif the negative

skin friction Pn has been conservatively estimated before deciding on a value of Qp to give a safety factor of 2.5 or more on

the combined loading, it is over-conservative to add this to the working load W on the pile in order to arrive at the total
allowable pile load. It is more realistic to obtain the required ultimate pile load QIo by multiplying the working load only by

the normal safety factor, and then to check that the safety factor given by the ultimate load divided by the working load plus
the negative skin friction is still areasonable value.

4.8.3 Minimizing negative skin friction

The effects of drag-down can be minimized 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 drag-down forces. 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. Negative skin-frictional forces on precast concrete or steel tubular
piles can be reduced by coating the portion of the shaft within the fill with soft bitumen.

Claessen and Horvat(4.66) describe the coating of 380 x 450mm precast concrete piles with a 10mm layer of bitumen having a
penetration of 40 to 50mm at 25°C. The skin friction on the 24m piles was reduced to 750kN compared with 1600 to 1700kN
for the uncoated piles.

Shell Composites Ltd. marketsits Bitumen Compound SL for coating bearing piles. The material has the following
characteristics.

Penetration at 25°C: 53 to 70mm
Softening Point (R and B): 57t063°C
Penetration Index: Less than +2.

The bitumen is heated to 180°C (maximum) and sprayed or poured onto the pile to obtain a coating thickness of 10mm.
Before coating, the pile surface should be cleaned and primed with Shell Composites Bitumen Solvent Primer applied by
brush or spray at arate of about 2kg/10m2. Alternatively, the SL Compound can be fluxed with 29% of white spirit to
provide the primer. The bitumen dlip 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 mobilized.

Negative skin friction is a most important consideration where piles are installed in groups. The overall settlement of pile
groupsin fill must be analysed as described in 5.5.

The above measures to minimize 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.
Reddaway and Elson(4:87) observed that the cost of applying a bitumen slip coat to 285mm square precast concrete segmental
piles was about 70% of the manufacturing cost of the pile segments on a metre for metre basis. The piles were used to
support a bridge abutment at Newhaven where negative skin friction was induced by the surcharge from the approach
embankment behind the abutment.
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4.10 Wor ked examples

Example4.1

A precast concrete pile for ajetty structureisrequired to carry aworking load of 350kN in compression and 250kN in uplift.
It isdriven through 7m of very soft silty clay into stiff boulder clay with afairly uniform undrained shearing strength of
110kN/m2. Determine the required penetration depth of a 350x350mm precast concrete pile.

The settlements of a jetty structure are not very critical to the structural design and a safety factor of 2 could be used to obtain
the required ultimate carrying capacity. However, the effects of driving a pile through a soft clay to alimited penetration in a
stiff clay are somewhat uncertain. It is therefore advisable to adopt a safety factor of 2.5 in this case. The skin friction in the
soft clay will be ignored, partly because of the effects of heave and subsequent reconsolidation and partly because of the
continuing disturbance of thislayer dueto the lateral forces acting on the jetty structure.

The safety factor of 2.5 requires an ultimate load in compression to be carried by stiff clay of 2.5x350 =875kN.

From equation 4.2,



ultimate end-bearing resistance = 9 X 110 x 0.35% = 121kN,

Therefore the required skin-frictional resistance in compression=875-121=754kN.
For a penetration depth of 7.5m into stiff clay, from Figure 4.7b with L/B=7.5/0.35=21 and C, =110kN/m2, the adhesion

factor is 0.65. Therefore from equation 4.5,

ultimate skin friction = 0,65 x 110 x 4 x 0,35 x 7.5 = 751kN.

Total ultimate resistance = 121 + 751 = 872kN.
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Factor of safety on compressive load = 872/350 = 2.49,

which is satisfactory.

Factor of safety on uplift load = 751/250 = 3,

which is also satisfactory.
The required penetration can be checked for compliance with Eurocode 7. Take average C, of 110kN/ m2. Because the

empirical relationships between shaft friction and C, shown in Figure 4.7 are based on correlation of static load tests Q "

should be divided by afactor of 1.4 (not 1.5 because the adhesion factorsin Figure 4.7 are conservative). To alow for the
possibility of C, at the base being lower than the average, a characteristic value of 0.75 times the average is taken and divided

by the material factor of 1.8 (code Table 2b). Therefore:
~ 9 x (.75 x 110 x 0.35°

= = = 36kN
Characteristic base resistance bk 1.8 x 1.4

0.65 X 110 X 4 X 0.35 x 7.
_ 0, = 2O XX 4 X035 X753 _ sa00n

Characteristic shaft resistance 1.4

Design bearing capacity — 36/1.3 + 536/1.3 = 440kN.

Therefore alesser penetration would be required for design to the Eurocode on the given load of 350kN but the partial load
g for actions (Table 2a of the code) would be increased to allow for the effect of dynamic loads from berthing ships,

whereas with the ‘ permissible stress' method the safety factor of 2.5 would be deemed to cover this type of loading.

Example 4.2

A sted tubular pile 1.220m in outside diameter forming part of a berthing structure is required to carry aworking load in
compression of 16MN and a uplift of 8MN. The pileis driven with a closed end into a deep deposit of normally-consolidated
marine clay. The undrained shearing strength-depth profile of the clay is shown in Figure 4.47. Determine the depth to which

the pile must be driven to carry the working load with a safety factor of 2.0.

Undrained shear strength, kN/m’ Ulitimale pile capaciy, MN
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Fig. 4.47
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In dealing with problems of thiskind it is agood practice to plot the calculated values of ultimate skin friction, end bearing
and total resistance for various depths of penetration. The required pile length can then be read off from the graph. Thisis
convenient procedure for a marine structure where the piles may have to carry quite a wide range of loading.

Outside perimeter of pile = 7% 1.220 = 3.83m.
Overall base area of pile = 4 » 7% 1.220F = 1.169m?.
From Figure 4.47, at 160m,

Co _ 260
o 0.65x%9.8] % 160

Wil

= ().25.

From Figure 4.9a, the adhesion factor, ap is 1.0 over the full depth.

At 50m below the sea bed:
Average shearing strength along shaft = # X 80 = 40k N,/m’.

From Figure 4.9b, adhesion factor for L/B value of 50/1.22=41is 1.0.
_ 1O 1.0x 40 x3.83 Sl}_

: e : = = 7.66MN
From equation 4.6, total skin friction on outside of shaft 1 00K
3 0 B0 1.169 — 0.84MN
1 004 —_—
From equation 4.2, end-bearing resistance = 8.50MN.
Thus total pile resistance
At 75m below the sea bed:
Average shearing strength along shaft = ¥ % 120 = 60kN/m?.
Length factor for L/B value of 61 is0.9.
1%0.9x%60x3.83x75
e : = = 15.51MN
Thus total skin friction on outside of shaft 1 000
0 120 % 1.169
= = 1.26MN
End-bearing resistance 1 000

Thus total pile resistance = 16.77MN.

Similarly the total pile resistances at depths of 100m, 125m and 150m below the sea bed are 26.19, 38.01 and 50.78MN
respectively.

The calculated values of pile resistance are plotted in Figure 4.47, from which it may be seen that a penetration depth of
113misrequired to develop an ultimate resistance of 32MN, which is the value required to support a compressive load of
16MN with a safety factor of 2. At adepth of 113m the skin friction is 30MN. Therefore the safety factor on uplift is 30/8, i.
e. nearly 4.

Checking the working stress on the stesl,

16 % 10° .
= 170N/mm?.

For awall thickness of 25 mm max. compressive stress  17(1270° — 1234°)
Thisis 50% of the yield stress for high-tensile steel which is satisfactory for the easy driving conditions (Table 2.9). The

thickness can be decreased to 16mm in the lower 50m of the pile.
Checking the design bearing capacity at 75m penetration by the Eurocode recommendations:

9% 0.75 X 120 X 1169

.= = (1.35
Qs 1.8 x 1.5 x 1000 M
G = 155015 HLFHME
Design bearing capacity = ﬂljf + "1}'24 = §.2MN

Thisis practically the same as the allowable pile load at 75m which would have been obtained by dividing the calculated
ultimate pile resistance of 16.77MN by the specified safety factor of 2.



Example 4.3

A building column carrying a working load of 1400kN is to be supported by a single bored pile installed in firm to stiff
fissured London clay (Figure 4.48). Select suitable dimensions and penetration depth
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Fig. 4.48

to obtain a safety factor of 2 in total pile resitance, or safety factors of 3 in end bearing and unity in shaft friction. Calculate

the immediate settlement at the working load.
A pile of 1m diamter is suitable. A penetration depth of 13m (12m below cut-off level) will be tried.

Average shearing strength along pile shaft (from Figure 4.48)
= }(35 + 182) = 108.5kN/m?2.
Take an adhesion factor of 0.45. Then from equation 4.5,
total skin friction on pile shaft = 0.45 X 108.5 X wx 1 X 12 =1841kN.

Because the clay isfissured it is desirable to reduce the average shearing strength at pile base level to obtain the end-bearing
resistance. Thus

end-bearing resistance =9 x 0,75 % 182 X jmr % 1° = 965kN.
For a safety factor of 2 on the total pile resistance,
allowable working load = §(1841 + 965) = 1 403kN.
For a safety factor of 3 on the base resistance and 1 on the skin friction,
allowable working load = (& % 965) + 1841 = 2 163kN.

Checking the alowable load by the Eurocode recommendations, the average c a base level isregarded as a characteristic

strength and is divided by a material factor of 1.8. Hence

Y65 1 841
Oy = m = 357TkN and 0O, = ﬁ = ] 22T7kN.
2
design bearing capacity = :;5; + 112;' = ] 167kN.

Thisisrather more conservative than the value of 1403kN obtained by the foregoing ‘ permissible stress' method.

The alternative of a bored pile with an enlarged base is now considered. Take the same shaft diameter and a base diameter of
2m, a base level for the pile being at 10m below ground level. The top of the base enlargement will be at 9m and the base
resistance must be ignored for 2m above thislevel (Figure 4.12).

Average shearing strength from cut-off level at Imto Tm =4$(35 + 111) = 73kN/m?,
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An adhesion factor of 0.3 should be used to alow for delays and softening effects while drilling the enlarged base. Thus

total skin friction on pile shaft =0.3 X 73 x 7 x 1 X 6 = 413kN.

As before a reduction factor of 0.75 should be used on the shearing strength of 145kN/m? at a depth of 10m. Thus from
equation 4.2,

end-bearing resistance =9 % (.75 X 145 x }7 % 22 = 3075kN.

For a safety factor of 2 on the total pile resistance,

allowable working load = §(413 + 3075) = 1 7T44kN.
For a safety factor of 3 on base resistance and 1 on skin friction,
allowable working load = (§ X 3075) + 413 = 1 438kN.,

Therefore a 1m diameter bored pile with an enlarged base of 2m diameter at a depth of 10m below ground level is
satisfactory for aworking load of 1400kN.
When using the Eurocode recommendations to design the enlarged base pile a more sophisticated method than a simple

factor of 073 X €x would be needed to determine the characteristic shear strength of the soil beneath the pile toe. It would
be necessary to look at the individual test results, perhaps to make a statistical analysis of the data, and also to assess the
effects of the installation procedure.

Comparing the two types of pileit would clearly be more economical to adopt the deeper straight-sided pile because of the
faster drilling rate and the avoidance of difficulties often experienced when installing enlarged bases.

Considering the settlement of the straight-sided pile, the ultimate shaft friction of 1841kN exceeds the working load, and
therefore the settlement of the pile will be no more than that required to mobilize the ultimate resistance; i.e., a settlement of
about 10mm may be expected.

The immediate settlement of the enlarged base pile can be calculated from equation 4.18. For the full mobilization of shaft
resistance at the working load,

load on base = 1400 — 413 = 987kN.

, 9
Unit pressure on h:me:* = 314kN/m?,
)

w22

i

Unit ultimate base resistance = 9 x (.75 X 145 = Y79kN /m?.

In the absence of plate bearing test data, take K in equation 4.17 as 0.02. Thus

-Zxﬁﬂzxalq}{ll.ll]'[] 13
o . 575 = 13mm.

Thisis an acceptable value.
Checking from equation 4.19, taking the drained deformation modulus of the clay at pile base level as 1400u (for long-term

loading), we get:

_{413+EH93T}:{E{]GG+£L5:-c';':'-:?x 1000
20,7854 = 30 x 108 2 % 140 x 145

=04+ 122

= 13mm

P

Example 4.4

A precast concrete pile 450mm square forming part of ajetty structure is driven into a medium dense over-consolidated sand.



Standard penetration tests made in the sand gave an average value of N of 15 blows/300mm. The pileisrequired to carry a
compressive load of 250kN and an uplift load of 180kN. Determine the required penetration depth of the pile for a safety
factor of at least 2.5 on both compressive and uplift loads.

The unit skin friction developed on a pile in sand is rather low, and thus the penetration depth in this caseislikely to be
governed by the requirements for uplift resistance.

Take atrial penetration depth of 7m below sea bed. From Figure 4.13 for N =15, @ = 31° The submerged density of the
sand may be taken as 1.2Mg/ms3. For an over-consolidated sand we can take
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Ko =1 Tablea gives Ks/Ko =53y, 1.3 giving K = 1.5, From Table 4.2, take & = 08¢ = 0.8 X 31° = 24.8°

Total skin friction = } X 1.5 X 1.2 x 981 = 7 X tan24.8° x 7 x 4 x (.45
= 360kN

Factor of safety on uplift load = % = 2 which is satisfactory.

Checking by the Eurocode recommendations the ® value of 31° was derived from the average SPT resistance. Therefore the
shaft friction derived from it must be divided by afactor of 1.5. Hence design uplift capacity

= Qp/7, = 360/1.5 x 1.3 = 185kN

Calculating the base resistance by using equation 4.9 and ignoring the first term. Assuming loose sand conditions, and
effective overburden pressure

1.2 x7
10.7

= (). 78 tons

30
= = 64
Fromequation4.11, *~ V0.78 x tan 28°

Figure 4.15b gives ¥ =40 for ¢ =31
=40x 1.2x9.81 x7

Therefore, unit base resistance = 3 296kN/m?

Total base resistance = 3 296 x .45 = 66TkN

Total pile resistance = 360 + 667 = 1027kN
1027 _

Safety factor on compressiveload 23U which is satisfactory.

Using the Eurocode recommendations, design bearing capacity = 360/1.5 X 1.3 + 667/1.5 X 1.3 = s37yN
Checking the base resistance using Berezantsev’ s value of Nq in equation 4.8, from Figure 4.17 with

$=31°,N,=25(D/B=15) 1.

0, =25x 1.2 x 9.8] x7x0.45>=417kN.
Total pile resistance = 417 + 360 = 777kN.

777
Safety factor on compressive load = 250 = 3.1,

which is satisfactory.

Example 4.5

Isolated piles are required to carry aworking load of 900kN on a site where borings and static cone penetration tests recorded
the soil profile shown in Figure 4.49. Select suitable types of pile and determine their required penetration depth to carry the
working load with a safety factor of 2.5. Previous tests in the area have shown that the ultimate base resistance of piles driven
into the dense sand stratum is equal to the static cone resistance.

The pileswill attain their bearing within the sand stratum. Any type of bored-and-cast-in-place pile will be uneconomical
compared with the driven type. A driven-and-cast-in-place pile is suitable and this can be compared with a closed-end steel
tubular pile.

Driven-and-cast-in-place pile
For 25-grade concrete and a working stress of 25% of the works cube strength (BS 8004), working stress on concrete



: : _ {900 x 1000 x 4
required diameter of pile shaft = NV oxen 428mm.

Say nominal shaft diameter of 450mm.
A saving in the length of the pile can be obtained by forming an enlarged base. The size attainable in afairly dense sand is
problematical but it should be possible to form a base with an effective diameter of 600mm.
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For awholly end-bearing pile,
. 000 x 2.5
base pressure at ultimate load = = 7.9MN/m*

in % 0.6° % 107

For a unit base pressure of 7.9MN/m? a penetration depth of about 28m is required. Taking into account the available skin-
frictional resistance of the pile shaft the likely penetration depth would be 25m. Ignoring the skin friction within the soft clay,
the skin friction within the sand stratum can be calculated by reference to Table 4.3. A coefficient for adriven and cast-in-

place pile is not shown in this table but it should not be less than 0.012.

Ultimate skin friction at 12m = 0.012 x 1 x 107 = 12kN/m?

Ultimate skin friction at 25m = 0.012 x 5 x 10° = 60kN/m?
Total skin friction = (12 + 60) x 7 x .45 % 13 = 662kN

_ 900 x 2.5 — 662
Required ultimate unit resistance beneath enlarged base 0.7854 = 0.6
From inspection of Figure 4.49 it will not be possible to obtain this resistance as an average over a distance of eight pile
diameters above and four diameters below a pile toe level at 25m. For atoe level at 26m the cone resistance increases
continuously over thislevel.
Therefore take 9c—1 over adistance 0.7 % 0.45 = 0.3m gjving an average of 6MN/m?2. Over aheight of

= 5616kN/m’




8 % 0.45 = 3.6m the 4--2vaueis given by

45 %28+ 3 x 0.8
3.6

= 4.2MN/m?

'f;r-r—l =
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From equation 4.14,

6+ 4.2
.

i

. = = 5.1MN,/m?

Ultimate base resistance = 5.1 % 0,7854 x 0.6° x 10°
= | 442kN

Approx. total pileresistance = 662 + 1442 = 2 1(4kN
2104

Factor of safety on working load 900
The size of the enlarged base was conjectured and therefore it is necessary to undertake test loading to ensure that the
working load can be applied without excessive settlement.

= 2.3 (satisfactory)

Seel tubular pile

For mild steel to BS 4360 Grade 43A having ayield stress of 250N/mm?2 and a working stress of 30% of the yield value (BS
8004),

i area of stee] < 200X 1000
required darcad Of stec —m— & mim-=.

A sted tubular pile having an outside diameter of 508mm and awall thickness of 7.94mm has a steel area of 12 470mm?2. If
the pileiswholly end bearing,

900 > 2. :
unit pressure at base at ultimate load= ————= 11 100kN/m".
% 0,508°

From Figure 4.49 an average cone resistance of 11.1IMN/m? is attainable at rather less than 30m penetration. Allowing for a

reduction in the end-bearing load due to shaft friction, take atrial penetration depth of 26m below ground level.
From Table 4.3,

Ultimate unit skin friction at 12m = 0.012 x 1 x 10¢ = 12kN/m?*
Ultimate unit skin friction at 26m = 0.012 x 5 x 107 = 60kN/m*

Total skin friction = (12 + 60) ®x 7 % 0.508 x 14 = 804kN

900 x 2.5 — 804

Required ultimat it bas 15t =
{]lll | & LI 15€ resislance ﬂ.?ﬂﬁ-‘-l - USI}HI

= 7134kN/m?

The average q. value at 26m has been shown to be only 5SMN/m2. However inspection of Figure 4.49 shows that the required

value is obtainable at a depth of 28m.

Therefore the working load of 900kN can be carried either by a driven-and-cast-in-place pile with the 450mm diameter shaft
enlarged at the base or by a 508mm outside-diameter steel tubular pile with awall thickness of 7.94mm and the end closed
by a 15mm steel plate. The required penetration depths for the two types of pile are 26 and 28m respectively.

Example 4.6

Calculate the ultimate bearing capacity of a 914mm ODx19mm wall thickness tubular steel pile driven with an open end to a
depth of 17m below ground level in the soil conditions shown in Figure 4.23a.

Pile characteristics are: External perimeter 2.87m
Internal perimeter 2.75m

For 38mm shoe, net cross-sectional area at toe=0.1046m?2
Gross base area=0.656m?2



The skin friction on the pile shaft is calculated from the average curve shown in Figure 4.23a. Ignore any skin friction in the
soft clay. The coefficient from Table 4.3 is0.008

At 6.5m ultimate unit skin friction = 0,008 x 4 = D.DEEMN_,-"mE
At 14.5m ultimate unit skin friction = 0.008 x 9 = 0.072MN,/m"

At 17.0m ultimate unit skin friction = 0.008 X 9.9 = 0.079MN/m?
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Total external skin friction 6.5to 17.0m

= 1[(0.032 + 0.072) X 8 + (0.072 + 0.079) X 2.5] x 2.87
= 1.74MN

Total internal skin friction 6.5 to 17.0m = 1.74 x % = 1.67TMN

From average curve in Figure 4.23a, net base resistance = 9.9 x 0.1046 = 1.03MN

Gross base resistance = 9.9 % 0.656 = 6.49MN

Figure 4.24 shows that the limiting value for afine to coarse sand is not exceeded. The value of the gross base resistance
assumes a solid end to the pile. Figure 4.21 shows that it would be unwise to assume a unit base resistance higher than

3.5MN/m2. Therefore the base resistance of the open-end pile plugged with sand reduces to 2.30MN. This is higher than the
calculated internal skin friction. Hence a plug of sand will not be carried down and the total pile resistance will be the sum of
the external and internal skin friction plus the net base resistance.

Total ultimate pile resistance = 1.74 + 1.67 + 1.03 = 4.44MN

4.44
2.5

Adopting a factor of safety of 2.5, allowable load = = 1.78MN

Checking the calcul ated base resistance from the lower bound curve in Figure 4.23a

Total ultimate pile resistance = 1.74 + 1.67 + 8 » 0.1046 = 4.25MN

Safety factor on working load = m = 2.4 (satisfactory)

The net base resistance can be checked by converting the cone resistance to the equivalent angle of shearing resistance of the
sand. Assume ground water level isat ground level.

Effective overburden pressure at 17m = 8 X 6.5 + 10 x 10.5 = 157kN/m?

From Figure 4.14, for ¢ = ¥ IMN/m” ¢ = 37° grom Figure 4.17, Ng = Tﬂ, Therefore

ultimate unit end-bearing resistance = 70 % 157 x 1077 = 11MN/m?,

which is close to the value taken directly from Figure 4.23.

Example 4.7

A bored and cast-in-place pileis required to carry aworking load of 9000kN at a site where 4m of loose sand overlies a weak
jointed cemented mudstone. Core drilling into the mudstone showed partly open joints and RQD values increased from an
average of 15% at rockhead to 35% at a depth of 10m. Tests on rock cores gave an average unconfined compression strength
of 4.5MN/m2. Determine the required depth of the pile below rockhead and cal culate the settlement of the pile at the working
load.

.= 5. 1MN/m?

- v = 9
The stress on the shaft of a 1.5m pile is (m/4) x 1.5

Thisis satisfactory for concrete with a cube crushing strength of 25MN/m?2 (allowable stress=6MN/m?2).
Load carried in skin friction in the loose sand will be negligible.

From Figure 4.38 for Juc = 4-5MN!!’“, a = (1.2, The mass factor, j, for RQD from 15% to 35% is 0.2. Therefore, b, from
Figure 4.39 is 0.65.



= 0.2 x 0.65 x 450

_ r 2
From equation 4.25, rock socket skin friction = S85kN/m

Taking a 7m socket length, total ultimate skin friction = 383 > 7 X 1.5 % 7= 19 297kN
19207

Therefore, factor of safety on shaft friction 9000
Because of the open jointsin the rock it will be advisable to assume that the base resistance does not exceed the unconfined

compression strength of the rock.

—_—
—
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Total base resistance = ;x 1.5% % 4500 = 7952kN

Total pile resistance = 19297 + 7932 = 27 249kN

27249

= 5000 = 3.0 which is satisfactory

Factor of safety

If the rock socket skin friction were to be only half the calculated value, no load would be transferred to the pile base.
Therefore, the pile head settlement will be caused by compression in the rock socket only.
From Section 5.5 the modulus ratio of a cemented mudstone is 150, and for a mass factor of 0.2 the deformation modulus of

the rock massis 0-2 X 150 X 4.5 = 135MN/m* | Figure 4.41 the modulus ratio E./E,is 20 % 10°/135 = 148 5o

L/B=1/1.5=47 the influence factor | is 0.24. The ratio D/B for arecessed socket is 4/1-5 = 2.7 Therefore the
reduction factor from Figure 4.42 is about 0.8. Hence from equation 4.26:

_ 0.8 %9 x 10 x 0.25
Pile head settlement = 15 % 135 = Umm

As noted above the whole of the working load is carried by shaft friction. Eurocode 7, Chapter 7, gives the pile design

bearing capacity as 19297/1.5x 1.3 = 9BY6kN Adoption of this working load would increase the settlement from 9 to
only 10mm.

Example 4.8

A tubular steel pile with an outside diameter of 1067mm is driven with a closed end to near refusal in a moderately strong

sandstone (average) 9w = 20MN/m? overlain by 15m of soft clay. Core drilling in the rock showed a fracture frequency of
5 joints per metre. Calculate the maximum working load which can be applied to the pile and the settlement at this load.
Only asmall penetration below rockhead will be possible with sandstone of this quality, and the rock will be shattered by the
impact. Hence skin friction support both in the soft clay and the rock will be negligible compared with the base resistance.
Pile driving impact is likely to open joints in the rock hence the base resistance should not exceed the unconfined
compression strength of the intact rock.

Total ultimate pile resistance = base resistance

K

4

® 1.067% x 20=17.9MN

1
=——="7.2MN
For a safety factor of 2.5 allowableload 2.5

— 3
For awall thickness of 19mm in mild steel (fy= 240MN/m?)

Allowableload = 0.5 X 240 x (.0626 = 7.5MN

Therefore take a maximum working load of 7.2MN
Pile driving impact may increase the fracture frequency from 5 to 10, say, fractures per metre giving a mass factor of 0.2.
From section 5.4 the modulus ratio of sandstone is 300.

Deformation modulus = 0.2 x 300 x 20 = 1 200MN/m?

From equation 4.19:
T.2x15x 1000 0.5x7.2x 1000

T 00626 X2 X 10°  1.067 % 1200
—8.6+2.8

Settlement of pile head = 11.4mm I:.R'fil'_}' [0 to fﬁmm}
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Example 4.9

A 5m layer of hydraulic fill consisting of sand is pumped into place over the ground shown in Figure 4.49. The calcul ated
time-settlement curve for the surface of the hydraulic fill is shown in Figure 4.50. Two years after the completion of filling a
closed-end steel cased pile with an outside diameter of 517mm is driven to a penetration of 27m to carry aworking load of
900kN (as Example 4.5). Calculate the negative friction which is devel oped on the pile shaft and assess whether or not any
deeper penetration is required to carry the combined working load and negative skin friction.

w A
E Completion of G :
%‘ hydiaulichll | OFpiling
Z
;
gﬂ' = Time in years
£ .
I
g | [ - Caleulated Ffinal’
c-i' settiemeant

-

Fig. 4.50

It can be seen from the time-settlement curve that about 120mm of settlement will take place from the time of driving the pile
until the clay beneath the fill layer isfully consolidated. This movement is considerably larger than the compression of the
pile head under the working load (about 10mm of settlement would be expected under the working load of 900kN).
Therefore negative skin friction will be developed over the whole depth of the pile within the hydraulic fill. Considering now
the negative skin friction within the soft clay, if it is assumed that drag-down will not occur if the clay settles relatively to the
pile by less than 5Smm, then adding the settlement of the pile toe (10mm at the working load) negative skin friction will not
be devel oped below the point where the clay settles by less than 15mm relative to site datum. After pile driving, the full
thickness of the clay settles by 120mm at the surface of the layer. By simple proportion, a settlement of 5mm occurs at a
point 12x15/120= 1.5m above the base of the layer. This assumes uniform compressibility in the clay, but there is decreasing
compressibility with increasing depth such that the settlement decreases to less than 15mm at a point not less than 2m above
the base of the layer. A closer estimate could be obtained by calculating the settlement in each of a number of horizontal
layers and drawing a profile of the movement. However, the above approximate assessment will be adequate for the present
case.

Adopting Meyerhof’ s values from Figure 4.44 for the negative skin friction Unit negative skin friction 2m above the base of

clay layer

=030, =03 x981 [(5x2)+ (2x1.9)+ (8 x0.9)]
= 62kN/m?

Unit negative skin friction at top of clay stratum
=(L3x9.81 x5 x2=29kN/m?
Unit negative skin friction 2m below top of clay stratum (at groundwater level)
=0.3x 9.81[(5 % 2)+ (2% 1.9)] =41kN/m?
Total negative skin friction in clay
=X 0517 [H29+41) x 2+ 1 (4] +62) % 8] = T83kN

Drainage of the fill will produce a medium-dense state of compaction for which K0 15 0.45 and KS inequation 4.8 is

1.5%0.45 = 0.67 (Table4.1) and & = (.7 x 3" = 217 Therefore
Negative skin friction



=1 067 X 98l x2 XS5 Xxtan21" % 7 % (0517 % 5
= 102kN

Total negative skin friction on pile = 102 + 783 = 885kN
Total load on pile = 885 + 900 = 1785kN
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From example 4.5, the average cone resistance at a penetration of 27m is about 7MN/m? and the skin friction on the shaft is
about 1000kN.
Ultimate pile resistance

= (in % 0.517% x 7000) + 1000 = 2470kN

2470

—-= 1.

Safety factor on combined working load and negative skin friction 1785
A safety factor of at least 1.5 should be provided on the combined loading. This could be achieved by driving the pile to 27.5

or 28m.
The working stress on the pile shaft must be checked under the combined loading. For awall thickness of 4.47mm the steel

areais 7193mm2-
Permissible load on stedl at 30% yield stress

0.3x255% 7193

= 53UkN
1 000

If the pileisfilled with concrete with aworking stress of 25% of the cube strength:
= 1 % 0.508% > 0.25 » 25 x 1000
Allowable load on concrete = 1 267kN
Total allowableload = 1267 + 330 = 1 817kN
If there is concern about long-term corrosion of the steel section in the hydraulic fill, the cube strength of the concrete filling
could be increased so that the whole of the load is carried by the concrete.
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CHAPTER 5
Pile groups under compressive loading

5.1 Group action in piled foundations

The supporting capacity of agroup of vertically loaded piles can, in many situations, be considerably less than the sum of the
capacities of the individual piles comprising the group. In al cases the elastic and consolidation settlements of the group are
greater than those of a single pile carrying the same working load as that on each pile within the group. This is because the
zone of soil or rock which is stressed by the entire group extends to a much greater width and depth than the zone beneath the
single pile (Figure 5.1). Even when a pile group is bearing on rock the elastic deformation of the body of rock within the

stressed zone can be quite appreciable if the piles are loaded to their maximum safe capacity.

— |

Stressed. \@
zone ..

il

&)}

Fig. 5.1 Comparison of stressed zones beneath single pile and pile group
(&) Sngle pile (b) Pile group

Group action in piled foundations has resulted in many recorded cases of failure or excessive settlement, even though loading
tests made on a single pile have indicated satisfactory performance. A typical case of foundation failure isthe single pile
driven to a satisfactory set in a compact or stiff soil layer underlain by soft compressible clay. The latter formation is not
stressed to any significant extent when the single pileisloaded (Figure 5.2a) but when the load from the superstructureis
applied to the whole group, the stressed zone extends down into the soft clay. Excessive settlement or complete general shear
failure of the group can then occur (Figure 5.2b). A classic example of this action is the foundation failure of the Charity

Hospital at New Orleans described by Terzaghi and Peck(®.1), The building was constructed on about 20000 timber piles
7.9m long driven through a soft compressible soil and terminating in a 1.8m layer of dense sand underlain by 50m or more of
soft compressible clay. A test pile was |oaded to about 300kN and the settlement under the test load was only 6.5mm. A
working load of 150kN was adopted, but during and after erection of the building the group settled. A movement of more
than 300mm was observed over aperiod of 2 years after construction, and severe damage was caused to the steel frame and
stone cladding.

The allowable loading on pile groups is sometimes determined by the so-called ‘ efficiency formulag’, in which the efficiency
of the group is defined as the ratio of the average load per pile when failure of the complete group occurs, to the load at
failure of asingle comparable pile. The various efficiency ratios are based simply on experience without any relationship to
soil mechanics principles. For this reason the author does not consider thisto be a desirable or logical approach to the
problem and prefers
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Fig. 5.2 Shear failure of pile group

(a) Test load on single isolated pile when soft clay is not stressed significantly (b) Load applied to group of piles
when soft clay is not stressed significantly is stressed heavily

to base design methods on the assumption that the pile group behaves as a block foundation with a degree of flexibility which
depends on the rigidity of the capping system and the superimposed structure. By treating the foundation in this manner,
normal soil mechanics practice can be followed in the calculations to determine the ultimate bearing capacity and settlement.
Load transfer in skin friction from the pile shaft to the surrounding soil is allowed for by assuming that the load is spread
from the shafts of friction piles at an angle of 1 in 4 from the vertical. Three cases of |oad transfer are shown in Figure 5.3ato
5.3c.

In German practice (DIN 1054) the periphery of an equivalent block foundation is taken as that bounded by aline passing at
three times the pile shaft diameter outside the axes of the peripheral piles. The depth of the block is defined as * the depth
which is significant for absorbing the compressive forces .

An important point to note in the application of soil mechanics methods to the design of pile groupsis that, whereas in the
case of the single pile the installation method has a very significant effect on the selection of design parameters for skin
friction and end bearing, the installation procedure is of lesser importance when considering group behaviour. Thisis because
the zone of disturbance of the soil occurs only within aradius of afew pile diameters around and beneath the individual pile,
whereas the soil is significantly stressed to a depth to or greater than the width of the group (Figure 5.1). The greater part of
this zone is well below the ground which has been disturbed by the pile installation.

Computer programs have been established to model pile/soil interaction behaviour from which the settlement of pile groups
can be determined. Poul 0s(4:43) has listed four programs based on continuum analysis methods.

These are:
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Fig. 5.3 Load transfer to soil from pile group

(a) Group of piles supported predominantly by skin friction
(b) Group of piles driven through soft clay to combined skin friction and end bearing in stratum of dense



granular soil
(c) Group of piles supported in end bearing on of dense granular soil hard rock stratum
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DEFPIG Non-linear continuum analysis using interaction factors
GAPFIX Non-linear continuum analysis, complete solution
M-PILE Simplified continuum analysis using interaction factors
PGROUP Complete linear continuum analysis

In the above programs soil behaviour is modelled on the basis of the theory of elasticity. Poulos(4:43) states ‘ Despite the gross
simplification which this model involves when applied to real soil, it provides a useful basis for the prediction of pile
behaviour provided that appropriate elastic parameters are selected for the soil. A significant advantage of using an elastic
model for soil isthat it provides arational means of analysis of pile groups and evaluation of immediate and final movement
of apile. In determining immediate movements, the undrained elastic parameters of the soil are used in the theory, whereas
for final movements the drained parameters are used.” A useful comparison of the M-PILE and PGROUP programsis given
in the UK Department of Transport Publication BD 25/88.

In view of the above reservations and the difficulties of obtaining representative values of the undrained and drained
deformation parameters (particularly the latter) from field or laboratory testing of soils and rock, the author believes that the
equivalent raft method is sufficiently reliable for most day-to-day settlement predictions. Nevertheless it could be convenient
and time-saving to use an available computer program particularly when making studies to determine the effect of varying
parameters such as pile diameter, length and spacing.

In most practical problems piles are taken down to a stratum of relatively low compressibility and the resulting total and
differential settlements are quite small such that an error of plus or minus 50% due to deficienciesin theory or
unrepresentative deformation parameters need not necessarily be detrimental to the structure carried by the pile group (see
also Section 11.1.4).

An example of the small differences between pile group settlements calculated by the equivalent raft method and those
determined from charts based on the computer program listed aboveis given in Section 5.4.

The principal problems concerned with pile groups are constructional effects such as ground heave, the interference of
closely-spaced piles which have deviated from line during driving, and the possibilities of damage to adjacent structures and
services. It is, of course, necessary to calculate the total and differential settlements of pile groups and overall piled areas to
ensure that these are within limits acceptabl e to the design of the superstructure. The criteria of relative deflections, angular
distortion, and horizontal strain which can be tolerated by structures of various types have been reviewed by Burland and

Wroth(3:2),

5.2 Pilegroupsin cohesive soils

5.2.1 Ultimate bearing capacity

If pilesin groups are driven through soft clays, loose sand, or fill, to terminate in a stiff clay, thereis no risk of general shear
failure of the group provided that there is an adequate safety factor against failure of the single pile. However, the settlement
of the group must be calculated as described in the following section of this chapter.

If it is necessary to terminate a group of piles entirely within a soft clay (thisisnot a desirable practice) then the safety factor
against ‘block failure’ of the group must be calculated. The ultimate bearing capacity of the block of soil encompassed by the
group shown in Figure 5.4 is calculated from the following equation.

(Q=2D(B+ L)¢+ 1.3¢,sN.BL ...(5.1)

where D is the depth of the piles below ground level, B isthe overall width of the group, L isthe overall length of the group,
¢ isthe average cohesion of the clay over the pile embedment depth, c, Isthe cohesion of the clay at the pile base level or

within the zone of soil below the base affected by the loading, sis a shape factor, and NC Is the bearing capacity factor.

If the pile group is required to carry the full working load within afew days or weeks of the piles being installed the

remoul ded shearing strength should be taken for €. In most cases the undisturbed cohesion can be used for C, since the

greater part of the zone in which general shear failure would take place remains in an undisturbed state. The values of NC
depend on the depth to width ratio of the group (Figure 5.5). The shape factor depends on the length to width ratio, and

suitable values are shown in Figure 5.6.
Where piles areinstalled in relatively small numbers there is a possibility of excessive base settlement if two or more piles



deviate from line and come into near or close contact at the toe. Thusin Figure 5.7 the toe loads are concentrated over a
small area and, while failure would not occur if the safety
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Fig. 5.6 Shape factor for rectangular pile groups (Meyer hof-Skempton)

factor in end bearing was adequate, the settlement would be higher than that which would occur when the piles were at their
design spacing. Thiswould lead to differential settlement between the pilesin the group. A safeguard against this occurrence
is the adoption of a centre-to-centre spacing of pilesin clay of at least three pile diameters, with a minimum of 1m. BS 8004
recommends a centre-to-centre
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Fig. 5.7 Effect of deviation of piles from correct alignment in group

gpacing for friction piles of not less than the perimeter of the pile or for circular piles three times the diameter. Closer spacing
can be adopted for piles carrying their load mainly in end bearing but the space between adjacent piles must not be less than
their least width. Special consideration must be given to the spacing of piles with enlarged bases, including a study of
Interaction of stresses and the effect of construction tolerances. The requirements of the German codes DIN 4026 for driven
piles and DIN 4014 for bored piles are shown in Figures 5.8 and 5.9 respectively.

The Swedish piling code gives the following minimum centre-to-centre spacing.

Predicted pile End-bearing and friction piles ‘Cohesion’ piles
length Circular Square Circular Square
Lessthan 10m 3xdiameter 3.4xwidth 4xdiameter 4.5xwidth
10 to 25m 4xdiameter 4.5xwidth 5xdiameter 4.5xwidth
More than 25m 5xdiameter 5.6xwidth 6xdiameter 6.8xwidth

In all cases the centre-to-centre spacing should not be less than 0.8m.

5.2.2 Settlement

The settlement of a pile group in clay isthe sum of the immediate or elastic settlement r. and the long-term consolidation

settlement re The general equation for calculating pi, for aflexible foundation at the ground surface level is

1— 0 (62
pf=qnx233{(l£y)x.’p ©2

where r. isthe settlement at the centre of the flexible loaded area, q, Is the net foundation pressure, B is the width of an
equivalent foundation flexible raft, v is the undrained Poisson’ s ratio for clay (generally taken as equal to 0.5), Ip Isan
influence factor, and Eu Is the deformation modulus for the undrained loading conditions.

The values of Ip depend on the ratio H/B of the depth of the compressible soil layer to the pile group width and on the length

to width ratio L/B of the group. Curves (Figure 5.10) established by Steinbrenner were published by Terzaghi(®-3) which
enable the values of | 0 and hence the immediate settlement of a surface foundation, to be obtained. It is then necessary to use

Fox’s correction curves(®>4) to obtain the immediate settlement of araft foundation equivalent to the pile group. Generally,
where the deformation modulus is reasonably constant with depth it will be found more convenient to use the influence
factors of Christian and Carrier(®5) to obtain the average immediate settlement of afoundation at depth D below the surface
where

average settlement p, = ""‘i—’-q"ﬂ ...(5.3)
H



In the above equation Poisson’sratio is assumed to be equal to 0.5. The factors K and M, which are related to the depth of

the equivalent raft, the thickness of the compressible soil layer and the length/width ratio of the equivalent raft foundation,

are shownin Figure 5.11.
The value of the deformation modulus Eu Is obtained from the stress-strain curve resulting from compressive loading on the

soil under undrained conditions. Such a curve typically shows purely elastic behaviour only over low stresslevels (line AB in
Figure 5.12) and the adoption of a modulus of elasticity
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Fig. 5.8 Requirements of German Code DIN 4026 for spacing of driven pilesin groups

(a) Vertical piles

(b) Raking piles

(c) and
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Fig. 5.9 Requirements of German Code DIN 4014 for spacing of bored-and-cast-in-situ pilesin
groups

(a) Sraight-sided piles
(b) Piles with enlarged bases

(Young's modulus) corresponding to the straight-line portion might result in the immediate settlement being underestimated.
The usual procedureisto draw a secant AC to the stress-strain curve corresponding to a compressive stress that is equal to
the net foundation pressure at the base of the equivalent block foundation. More conservatively the secant AD can be drawn
at acompressive stress of 1.5 or some other suitable multiple of the foundation pressure. The deformation modulus Eu isthen

obtained as shown in Figure 5.12.

Due to sample disturbance, unrealistically-low modulus values are obtained from stress-strain curves produced from
conventional unconfined or triaxial compression testsin the laboratory. It is more reliable to obtain the modulus values from
plate bearing tests made in boreholes or trial pits or from field testing using the pressuremeter or Camkometer (Chapter 11).
Alternatively, Eu can be related to the undrained shearing strength C, of the clay. In ageneral review of thisrelationship for

L ondon clay, Butler(:6) stated that the assumption of Eu:400cu IS a reasonable compromise between divergent data



representing, on one hand the relationship established from laboratory testing, and on the other the observations of the
settlement of full-scale structures. Equipment has been devel oped recently for obtaining piston-driven tube samples of stiff
clays and there have been improvements in techniques for coring weak rocks. Thus samples which have suffered only small

disturbance can be provided for
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|aboratory testing to obtain modulus values. Equipment is available for measuring very small strainsin uniaxial or triaxial
compression tests to obtain small strain modulus values.
In layered soils with different values of the deformation modulus Eu in each layer or in soils which show a progressively

increasing modulus with increases in depth, the strata bel ow the base of the equivalent raft are divided into a number of
representative horizontal layers and an average value of Eu Is assigned to each layer. The dimensionsL and B in Figure 5.11

are determined on the assumption that the load is spread to the surface of each layer at an angle of 30° from the edges of the
equivalent raft (Figure 5.13). The total settlement of the piled foundation is then the sum of the average settlements

calculated for each soil layer from equation 5.3.

The influence valuesin Figures 5.10 are based on the assumption that the deformation modulus is constant with depth.
However, in most natural soil and rock formations the modulus increases with depth such that calculations based on a
constant modul us give exaggerated estimates of settlement. Butler(3:6) developed a method for settlement cal culations for the
conditions of a deformation modulus increasing linearly with depth within alayer of finite thickness. The value of the
modulus at a depth z below foundation level is given by the equation:

E,=E/1+kz/B) ...(5.43)

and



and b= q,8I', ...(5.4b)

E

where Ef Is the modulus of deformation at foundation level (the base of the equivalent raft) and r. is the settlement at the

corner of the loaded area
The value of k is obtained by plotting measured values of Eu with depth and drawing a straight line through the plotted points

to obtain values for substitution in equation 5.4a. Where a plot of undrained
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shear strength with depth has been obtained the Eu vs depth line can be derived from the empirical relationships given above.

Having obtained k, the appropriate factor for I’ p is obtained from Butler’s curves shown in Figure 5.14. These are for

different ratios of L/B at the level of the equivalent raft, and are applicable for acompressible layer thickness not more than
9%xB. The curves are based on the assumption of a Poisson’sratio of 0.5 for undrained conditions, thisis for immediate
application of the load.

Where the pile group covers alarge area and is thus relatively flexible, it may be necessary to calculate the settlements at the
corners as well as the centre of the area. The method of calculationisgivenin5.5.

The consolidation settlement r. Is calculated from the results of oedometer tests made on clay samplesin the laboratory. The

curves for the pressure/voids ratio obtained from these tests are used to establish the coefficient of volume compressibility
m.

In hard glacial tills or weak highly weathered rock it may be difficult to obtain satisfactory undisturbed samples for
oedometer tests. If the results of standard penetration tests are available, values of m, (and aso cu) can be obtained from

empirical relationships established by Stroud(®7) shown in Figure 5.15.

Having obtained a representative value of m, for each soil layer stressed by the pile group, the oedometer settlement I oed for

thislayer at the centre of the loaded areais calculated from the equation

Poed = Mg, X 0z X H ---(5-5)

where q Is a depth factor, S, Isthe average effective vertical stressimposed on the soil layer due to the net foundation
pressureq_at the base of the equivalent raft foundation and H is the thickness of the soil layer. The depth factor is obtained
from Fox’s correction curves(®4) shown in Figure 5.16. To obtain the average vertical stress s a the centre of each soil layer

the coefficientsin Figure 5.17 should be used. The oedometer settlement must now be corrected to obtain the field value of
the consolidation settlement. The correction is made by applying a‘ geological factor’ ug to the oedometer settlement, where

10 y . :
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Fig. 5.15 Relationship between mass shear strength, modulus of volume compressibility,
platicity index and standard penetration test N-values (after Stroud®-9) (a) N-value vs.
undrained shear strength (b) N-value vs. modulus of volume compressibility
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Pe= g X Pogy ...(5.6)

Published values of ug have been based on comparisons of the settlement of actual structures with computations made from

|aboratory oedometer tests. Values established by Skempton and Bjerrum=8 are shown in Table 5.1.

Table 5.1 Value of geological factor ug

Type of clay ug value
Very sensitive clays (soft alluvial, estuarine and marine clays) 1.0-1.2
Normally-consolidated clays 0.7-1.0
Over-consolidated clays (London clay, Wead, Kimmeridge, Oxford and Lias clays) 0.5-0.7
Heavily over-consolidated clays (unweathered glacia till, Keuper Marl) 0.2-0.5

The total settlement of the pile group is then the sum of the immediate and consolidation settlements cal culated for each
separate layer. A typical caseis agradual decrease in compressibility with depth. In such a case the stressed zone beneath the
pile group is divided into a number of separate horizontal layers, the value of m, for each layer being obtained by plotting m,

against the depth as determined from the laboratory oedometer tests. The base of the lowermost layer istaken asthe level at
which the vertical stress has decreased to one-tenth of q,- The depth factor p 4 is applied to the sum of the consolidation

settlements calculated for each layer. It is not applied to the immediate settlement if the latter has been calculated from the
factorsin Figure 5.11.

%
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Fig. 5.17 Calculation of mean vertical stress (sz) at depth z beneath rectangular area axb on

surface loaded at uniform pressure q
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Where apile group is surmounted by a deep rigid cap, or if the group supports arigid superstructure, the pile group can be
regarded as being equivalent to arigid block foundation having a uniform settlement. The value of the latter is obtained by
applying a‘rigidity factor’ to the consolidation settlement obtained from the equivalent flexible raft foundation. The
immediate settlement obtained from equation 5.3 is the average settlement corresponding to that given by arigid foundation.
A commonly accepted value for therigidity factor is 0.8. Thus

settlement of rigid pile group

settlement of flexible pile group ~ 0.8.

A pile group consisting of a number of small clusters or of individual piles connected by ground beams or by aflexible
ground floor slab can be regarded as being equivalent to a flexible raft foundation at depth for this condition. The
consolidation settlements at the corners of the piled area are roughly one-half of the settlement at the centre of the group, as
calculated in the manner described above.

Another method of estimating the total settlement of a structure on an over-consolidated clay isto use equation 5.2, making
the substitution of a deformation modulus obtained for loading under drained conditions. This modulus is designated by the

term £+, which is substituted for Eu in the bottom of equation 5.2. It is approximately equal to 1/m,. The equation implies a

homogeneous and elastic material and thus it is not strictly valid when used to cal cul ate consolidation settlements. However,
when applied to over-consolidated clays for which the settlements are relatively small, the method has been found by
experience to give reasonably reliable predictions. Success in using the method depends on the collection of sufficient data
correlating the observed settlements of structures with the determinations of from plate loading tests and laboratory tests on

good undisturbed samples of clay. Butler(36) in hisreview of the settlement of structures on over-consolidated clays has
related £+ to the undrained cohesion C, and arrived at the relationship E," = 130c, for London clay.

Various correlations between the soil modulus and the undrained shear strength of clays for piles with alength to diameter
ratio equal to or greater than 15 are shown in Figure 5.18. In commenting on these data Poul os(4:43) stated that they should be

taken as representing values of the undrained modulus. He commented on the wide spread of the data suggesting that this
could be due to differences in the method of measuring C, and the soil modulus, differencesin the level of loading at which

the modulus was measured, and differences between the type and over-consolidation ratio of the various clays. Where the

undrained shear strength increases linearly with depth, equation 5.4 can be used to obtain E\" and hence the total settlements
from Figure 5.14. From an extensive review of published and unpublished data, Burland and Kalra(>-9) established the

relationship for London clay: (MN/m2) where z is the depth below ground level. E,/£ =75+39:

Generally, the author prefers the more logical method of considering immediate and consolidation settlements separately.
This properly takes into account time effects and the geological history of the site. Provided that a sufficient number of good
undisturbed samples have been obtained at the site investigation stage, the prediction of consolidation settlements from
oedometer tests made in the laboratory has been found to lead to reasonably accurate results. The adoption of the method
based on the total settlement deformation modulus depends on the collection of adequate observational data, first regarding
the relationship between the undrained shearing strength and the deformation modulus, and secondly regarding the actual
settlement of structures from which the relationships can be checked. Any attempt to obtain a deformation modulus from
triaxial compression tests in the laboratory is likely to result in serious error. The modulus is best obtained from the Eu/cu and

E./ E\'relationshi ps, which must be established from well-conducted plate bearing tests and field observations of settlement.
For ageneral discussion of the settlement of foundations on clays, the reader is referred to a CIRIA report by Padfield and

Sharrock(®:19), They state that for stiff over-consolidated clays the immediate settlement r. Is approximately equal to 0.5to

0.6 times the oedometer settlement, r

oed’ and the consolidation settlement, ro Is approximately equal to 0.4 to 0.5 times ro

o
For normally consolidated soft clays r. Is approximately equal to 0.1 I oed and r. Is approximately equal to I oed
The steps in making a settlement analysis of a pile group in, or transmitting stress to, a cohesive soil can be summarized as
follows.

1. For the required length of pile, and form of pile bearing (i.e. friction pile or end-bearing pile), draw the equivalent
flexible raft foundation represented by the group (see Figure 5.3).

2. From the results of field or laboratory tests assign valuesto Eu and m, for each soil layer significantly stressed by the

equivalent raft.
3. Cdculate the immediate settlement of r. of each soil layer using equation 5.3, and assuming a spread of load of 30°



from the vertical to obtain q, at the surface of each layer (Figure 5.13). Alternatively calculate on the assumption of a

linearly increasing modulus.
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4. Calculate the consolidation settlement r. for each soil layer from equations 5.5 and 5.6, using Figure 5.17 to obtain the

vertical stress at the centre of each layer.
5. Apply arigidity factor to obtain the average settlement for arigid pile group.

The consolidation settlement calculated as described above isthe final settlement after a period of some months or years after
the completion of loading. It israrely necessary to calculate the movement at intermediate times, i.e. to establish the time-
settlement curve, since in most cases the movement is virtually complete after a period of avery few yearsand it is only the
final settlement which is of interest to the structural engineer. If time effects are of significance, however, the procedure for
obtaining the time-settlement curve can be obtained from standard works of reference on soil mechanics.

5.3 Pile groupsin cohesionless soils

5.3.1 Estimating settlements from standard penetration tests

Provided that the individual pile has an adequate safety factor against failure under compressive loading there can be no risk
of the block failure of apile group terminated in and applying stress to a cohesionless soil. For economy, the piles must be
designed to have high-end bearing loads. Asin the case of pilesterminated in aclay, thereisarisk of differential settlement
between adjacent pilesif the toe loads of a small group become concentrated in a small area when the piles deviate from their
intended line (Figure 5.7). The best safeguard against this occurrence is to adopt a reasonably wide spacing between the
piles. Methods of checking the deviation of piles caused by the installation method are described in Chapter 11. The
immediate settlement of the pile group dueto ‘elastic’ deformation of the cohesionless soil beneath the equivalent flexible
raft foundation must be calculated. Equation 5.3 is applicable to this case and the deformation modulus E 4 can be obtained

from plate loading testsin trial pits, or from standard penetration, pressuremeter, or Camkometer tests, made in boreholes.

Schultze and Sherif(3:11) used case histories to establish a method for predicting foundation settlements from the results of
standard penetration tests using the equation

_ _ 5p ...(5.7)
P~ N"¥1(1 + 0.4D/B)



where sis a settlement coefficient
p isthe applied stress at foundation level

N isthe average SPT N-value over a depth of 2B below foundation level, or dS if the depth of cohesionless soil islessthan 2B
D and B are the foundation depth and width respectively
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Fig. 5.19 Determining foundation settlements from results of standard penetration tests (after
Schultze and Sherif(3:11))

Values of the coefficient sand dS are obtained from Figure 5.19. Burland and Burbidge(®:12) have developed an empirical

relationship between standard penetration test N-values and aterm they have called the foundation subgrade compressibility,
a. Thisterm isused in the equations:

day ...(5.8)

and

ag= E-“—‘ (in mm per kN/m?) (59

a,

Where | c isacompressibility index

B is the foundation width

Dri is the immediate settlement in mm

D isthe increment of foundation pressure in kN/m?2

IC and af are related to the standard penetration test results shown in Figure 5.20 for normally consolidated granular soils. In

very fine and silty sands below the water table where N is greater than 15 the Terzaghi and Peck correction factor should be
applied, giving:

N (corrected) = 15+ 0.5 (N = 15) ...(5.10)

Where the material is gravel or sandy gravel, Burland and Burbidge recommend a correction:

Ncorrected) =1.25 x N ...(5.11)

It should be noted that the IC valuesin Figure 5.20 are based on the average N-values over the depth of influence, Z, of the

foundation pressure. The depth of influenceisrelated to the width of the loaded area B in Figure 5.21 for cases where N



Increases or is constant with depth. Where N shows consistent decrease with depth, Z Istaken as equal to 2B or the base of

the compressive layer, whichever isthe lesser. The average N in Figure 5.20 is the arithmetic mean of the N-values over the
depth of influence.
In anormally consolidated sand the immediate average settlement, r. corresponding to the average net applied pressure, ¢

isgiven by:

po=g' ®x B" % [_(in mm) ...(5.12)

In an over-consolidated sand or for loading at the base of an excavation for which the maximum previous overburden
pressurewas s, and where qdis greater than Sy, the immediate settlement is given by:

p=1g = §o,,) BY7 % I_(in mm) ...(5.13a)
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where qdisless than S0 equation 5.13a becomes



= {jr W BT % %:{i" |'|'||'|'|J (513b)

In the case of pile groups the width B is the width at the base of the equivalent raft as shown in Figure 5.3. The Burland and
Burbidge method was developed essentially for shallow foundations and correla-
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tions with published settlement records given in their paper were mainly confined to foundations where their depth was not
greater than their width. They state that the depth to width ratio did not influence the settlements to any significant degree
and hence a depth factor of the type shown in Figure 5.9 should not be applied. However, a correction should be applied to
alow for the foundation shape and for the thickness of the compressible layer beneath the foundation where thisis less than
the depth of influence, Z.

correction factors are:

.\
) L ...(5.14a)
Shape factor=f, = (Ll §5+Lég5)
' ...(5.14b
Thickness factor = f,= 4, (2 - E] ( )
<] 25,
where L isthe length of the loaded area (L>B)
B isthe width of the loaded area
HS is the thickness of the compressible layer (Hs< Z|)

Burland and Burbidge state that most settlements on granular soils are time-dependent, that is, they show along-term creep
settlement and a further time correction factor is applied using the equation:

- ' ...(5.15
ﬁ=§=lt+fe3+mng%J &1)

L]

where isequal to or greater than 3 years
t

R3 IS the proportion of the immediate settlement which takes place in the |loaded area
R isthe creep ratio expressed as the proportion of the immediate settlement that takes place per log
cycle of time

Burland and Burbidge give conservative values of R and R3 as 0.2 and 0.3 respectively for static loading and 0.8 and 0.7

respectively for fluctuating loads.
Summarizing al the above corrections, the average consolidation settlement is given by:

pe = fSifil(g" = ia'\0) % B™ x L] (in mm) ...(5.16)

The wide range of IC values between the upper and lower limit shown by Figure 5.20 can cause difficulty in obtaining a

reasonably close estimate of pile group settlements, particularly where the group is underlain by medium-dense sands. For
example the average IC value for a sand with an SPT of 10 is 6 compared with upper and lower limit values of 20 and 3

respectively, giving an upper limit of settlement of three times that calculated from the average curve. However, in most
cases piles are taken down to dense sands to obtain the maximum end-bearing resistance, where the settlement cal cul ated
from the upper limit curve islikely to be relatively small.

5.3.2 Estimating settlements from static cone penetration tests

Where total and differential settlements are shown to be large and critical to the superstructure design it is desirable to make
static cone penetration tests (Section 11.1.4) from which the soil modulus (E OI) values can be derived and then to use the

Steinbrenner (Figure 5.10) or Christian and Carrier (Figure 5.11) charts to obtain the group settlement. Relationships between
the cone-resistance (qc) values and the drained Y oung’ s modulus for normally-consolidated quartz sands are shown in Figure

5.22. The E25 and Eg values represent the drained modulus at a stress level of 25% and 50% respectively of the ‘failure



stress. In ageneral review of the application of cone penetration testing to foundation design, Meigh®.19) stated that the Eos
values are appropriate for most foundation problems but the Es values may be more relevant to calculating settlements of

the single pile.

The E valuesin Figure 5.22 greatly overestimate settlements in over-consolidated sands. Lunne and Christoffersen(5.16)
established a relationship between initial tangent constrained modulus (the reciprocal of the modulus of volume
compressibility m,) and q, for normally and over-consolidated sands as shown in Figure 5.23.

Another method of estimating the settlements of pile groups in granular soils based on static cone penetration test values has
been developed by Schmertmann(®17) and Schmertmann et al.(5:18), Their basic equation for the settlement of aloaded area
IS

2B ..(5.17)
v "En:ll :

p=GGA,

where C 1 is a depth correction factor (see below), C, is a creep factor (see below), Dp is the net increase of load on the soil at
the base of the foundation due to the applied loading, B is the width of the loaded area, IZ Isthe vertical-strain influence

factor (see Figure 5.24), E 9 IS the deformation modulus, and DZ IS the thickness of the soil layer.
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The value of the depth correction factor is given by

C=1-08 (,,:m) ...(5.18)

A

P

where 1o is the effective overburden pressure at foundation level (i.e. at the base of the equivalent raft).
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Fig. 5.24 Schmertmann’ s influence factors for cal culating immediate settlements of foundations
on sands (after Schmertmann et al.(5:18))

Schmertmann(®-17) states that while the settlement of foundations on granular soilsis usually regarded asimmediate, i.e. the
settlement is complete within a short time after the completion of the application of load, observations have frequently shown
long-continuing secondary settlement or creep. He gives the value of the green factor as

ime 1 : ...(5.19
Co=1 +ﬂ.2lugm(“meanlyﬂdr5] (5.19)

Schmertmann et al.(5:18) have established an improved curve for obtaining the vertical -strain influence factor based on elastic
half-space theory where the factor IZ isrelated to the foundation width, as shown in Figure 5.24.

The vertical strain influence factor is obtained from one of the two curves shown in Figure 5.24. For square pile groups
(axisymmetric loading) the curve in Figure 5.24a should be used. For long pile groups (the plane strain case) where the
length is more than ten times the breadth, use the curve in Figure 5.24b. Values for rectangular foundations for L/B of less

than 10 can be obtained by interpolation.
The deformation modulus for square and long pile groups in normally-consolidated sands is obtained by multiplying the
static cone resistance, g, by afactor of 2.5 and 3.5 respectively. The deformation modulus applicable for a stress increase of

Dp above the effective overburden pressure, & e S given by the equation:

_ o 0t (4,/2) ...(5.20)
En'— E\,'[ .-_:r"mﬂ

Where standard penetration tests only are available the static cone resistance (in MN/m2) can be obtained by multiplying the
SPT N-values (in blows/300mm) by an empirical factor N for which Schmertmann suggests the following values

Silts, sandy silts, and slightly cohesive silty sands: N=0.2



Clean fine to medium sands, dightly silty sands: N=0.35
Coarse sands and sands with alittle gravel: N=0.5
Sandy gravel and gravels: N=0.6

Where static cone resistance data are available the relationships in Figures 5.22 or 5.23 can be used to obtain values of E 9 for

substitution in equation 5.17.
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Fig. 5.25 Establishing the vertical strain from static cone penetration tests

The procedure for estimating settlements by the Schmertmann method isfirst to divide the static cone resistance diagram into
layers of approximately equal or representative values of q, in amanner shown in Figure 5.25. The base of the equivalent raft

representing the pile group is then drawn to scale on this diagram and the influence curve is superimposed beneath the base
of the raft. The settlementsin each layer resulting from the loading DIO at the base of the equivalent raft are then calculated

using the values of E 9 and I2 appropriate to each of the representative layers. The sum of these settlementsis corrected for

depth and creep from equations 5.18 to 5.20. The various steps in the calculation are made in tabular form asillustrated in
Example 5.3.

Where piles are terminated in a cohesionless soil stratum underlain by compressible clay, the settlements within the zone of
clay stressed by the pile group are calculated by the methods described in Section 5.2.2. The form of load distribution to be

used in this analysis to obtain the dimensions of the equivalent raft on the surface of the clay layer is shown in Figure 5.13.

5.4 Deep pile groupsin cohesive and cohesionless soils

The equivalent raft method of determining the settlement of pile groups described in 5.2 and 5.3 is a simple one and
applicable to ordinary foundation work where the overall loading at the level of the equivalent raft is not high and the
penetration of the pilesinto the bearing stratum is relatively short. The method is particularly suitable for layered soils.
Where deep penetration of the pilesis required to transfer heavy loading to a compressible stratum it may be necessary to
analyse the interaction of the piles forming the group. Thus when an individual pile forming the group isloaded the sail
surrounding the pile is compressed and, depending on the spacing of the piles, the compressed zone extends to the
neighbouring piles which also compress the soil around them. The extent to which the settlement of the individual pile
Increases the settlement of its neighbours is calculated by means of interaction factors. These depend on the geometry,
stiffness and spacing of the piles and the elastic modulus of the soil between and beneath them.

The analysisis a complex one and involves the splitting of the pilesinto a number of discrete elements as described for the
case of the single pilein 4.6. Various simplifying assumptions are made and iterative methods are required for the solution of
the problem.

A description of the various analytical methods based on boundary element and finite element techniques and requiring a
digital computer for their solution is beyond the scope of this book. Reference should be made to the paper by Poulos443), |t



was noted at the beginning of this chapter that
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Fig. 5.26 Pile group settlement by equivalent raft method

pile group settlements obtained from computer-based analyses were not necessarily more accurate than those calculated by
the equivalent raft method (Figure 5.3). As an example of the relative accuracy of the methods Figure 5.26 shows a4x4 pile
group where the piles spaced at 3 diameters centre to centre are taken down to a depth of 24m into a firm becoming stiff
normally consolidated clay where the undrained shear strength and compressibility vary linearly with depth. The group
settlements calculated by the equivalent raft method used the influence factors of Butler (Figure 5.14).

The comparative group settlements were:

DEFPIG —42mm
PGROUP —31mm
Equivalent raft —30mm

5.5 Pilegroupsterminating in rock

The stability of apile group bearing on arock formation is governed by that of the individual pile. For example, one or more
of the piles might yield due to the presence of a pocket of weathered rock beneath the toe. There isno risk of block failure
unless the piles are terminated on a sloping rock formation, when dliding on aweak clay-filled bedding plane might occur if
the bedding is unfavourably inclined to the direction of loading (Figure 5.27). The possibility of such occurrences must be
studied in the light of the information available on the geology of the site.

The settlement of a pile group may be of significance if the piles are heavily loaded. Immediate settlements can be calcul ated
as described in Section 5.2.2, and equations 5.2 and 5.3 are applicable, where E 9 Is reasonably constant with depth.

Thevalues of E ’ for usein equation 5.3 are not the same as those shown in Table 4.2. The latter values are those appropriate

to the fairly high stress levels beneath the base of an individual pile. When the spread of load beneath a group of pilesis
considered, the stress level beneath the equivalent raft foundation is considerably less and the deformation modulus has a
correspondingly higher value (see Figure 5.12). Some typical values applicable to pile groups where the anticipated
settlement is of the order of 0.01% to 0.05% of the group width are listed in Table 5.2.

It is aso possible to obtain a rough estimate of the deformation modulus of ajointed rock mass from empirical relationships
with the unconfined compression strength of the intact rock. BS8004 gives arelationship as Eqy=jxMx H-wherej isthe
mass factor (see 4.7.3 for values) and Mr iIstheratio of the elastic modulus of the intact rock to its unconfined compression



strength. BS 8004 gives the following values for Mr:
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Fig. 5.27 Instability of pile group bearing on sloping rock surface
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Chalk and Keuper Marl are excluded from the above groups. Some observed values of E 4 for these are givenin Table 5.2.

Table 5.2 Vaues of deformation modulus of rock for low stress levels

Deformation modulus, E ’ MN/m2

Type of rock Reference
Chalk (Gradel) 3900 5.19
Chalk (Grade Il) 1900-3900 5.19
Chalk (Grade 1) 950-1900 5.19
Chalk (Grade 1V) 450-950 5.19
Chalk (Grade V) 450 5.19
Chalk (Grade 1) 1880 Unpubl.
Chalk (Grade 1-V) 113-164 5.20
Chalk (Grade V-VI) 75-130 4.59
Keuper Marl (Zonel) 26-250 4.48
Keuper Marl (Zone 1) 9-70 4.48
Keuper Marl (Zonel1) 2-48 4.48
Keuper Marl (Zone V) 2-13 4.48
Siltstone, weathered, RQD.0-20% 1-6 5.21

It islikely that weathered rocks will show anincreasein E 4 with depth as the state of weathering decreases from complete at

rockhead to the unweathered condition. If it is possible to draw a straight line through the increasing values the influence



factorsin Figure 5.14 can be used in conjunction with equation 5.4 to obtain the settlement at the centre of the loaded area.

These curves were established by Butler(3:6) for a Poisson’s ratio of 0.5, but most rock formations have lower ratios. Meigh
(5.22) stated that the Poisson’s ratio of Triassic rocks is about 0.1 to 0.3. Burland and Lord(®:23) established a value of 0.2 for
the Middle Chalk.
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Meigh(®:22) derived curves for the influence factors shown in Figure 5.28 for various values of the constant k in equation 5.21
where:

p=Ea— E)B/H ..(5.21)
Ey

and for aPoisson’sratio of 0.2. He applied further corrections to the calculation of the settlement at the corner of the
foundation where:

Settlement atcmne-.r=m=%ﬂ ...(5.22)
f
The corrected settlement is given by:
p. (corrected) = %ﬂ ¥ Fgx Fp ...(5.23)

where FB Is the correction factor for roughness of base (Figure 5.29)

FD Is the correction factor for depth of embedment (Figure 5.30)

The equivalent raft is assumed to have arough base and is divided into four equal rectangles and the settlement computed for

the corner of each rectangle from equation 5.22. The settlement at the centre of the pile group is then four times the corner
settlement.



5.6 Pilegroupsin filled ground

The problem of negative skin friction or drag-down on the shafts of isolated piles embedded in fill was discussed in 4.8. This
drag-down is caused by the consolidation of the fill under its own weight, or under the weight of additional imposed fill. If
thefill isunderlain by a compressible clay the consolidation of the clay under the weight of the fill also causes negative skin
friction in the portion of the shaft
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Fig. 5.31 Negative skin friction on pile groupsin filled ground

(a) Fill overlying relatively incompressible bearing stratum
(b) Fill placed on compressible clay layer

within this clay. Negative skin friction also occurs on pilesinstalled in groups but the addition to the working load on each of
the pilesin the group is not necessarily more severe than that calculated for the isolated pile. The basis for calculating the
negative skin friction as described in 4.8.1, is that the ultimate skin friction on the pile shaft is assumed to act on that length
of pile over which the fill and any underlying compressible clay move downwards relative to the shaft. The magnitude of this
skin friction cannot increase as aresult of grouping the piles at close centres, and the total negative skin friction acting on the
group cannot exceed the total weight of fill enclosed by the piles. Thusin Figure 5.31a,

total load on pile group = working load + (B X L x y'D") ...(5.24)

where ¥ isthe unit wei ght of fill, and D' is the depth over which the fill is moving downwards relative to the piles.
Where the fill isunderlain by a compressible clay, asin Figure 5.31b,

total load on pile group = working load + B X L(y' D" + ¥"D") ...(5.25)

where D" isthe total thickness of fill, ¥ isthe unit wei ght of compressible clay, and D @#is the thickness of compressible
clay moving downwards relative to the piles.

It should also be noted that the negative skin friction acting on the piles in the group does not increase the settlement of the
group caused by the working load on the piles. If the filling has been in place for along period of years any underlying
compressible soil will have been fully consolidated and the only additional load on the compressible soil causing settlement
of the group is that from the working load on the piles. However, if thefill isto be placed only a short time before driving the
piles, then any compressible soil below the fill will consolidate. The amount of this consolidation can be calcul ated
separately and added to the settlement caused by the working load on the piles. The negative skin friction on the pilesis not
included in the working load for the latter analysis.

5.7 Effects on pile groups of installation methods

When piles are driven in groups into clay the mass of soil within the ground heaves and aso expands laterally, the volume of
this expansive movement being approximately equal to the volume occupied by the piles. High pore pressures are devel oped
in the soil mass, but in the course of afew days or weeks these pore pressures dissipate and the heaving directly caused by
pore pressure subsides. In soft clays the subsidence of the heaved soil can cause negative skin friction to develop. It is not
usual to add this negative skin friction to the working load since it is of relatively short duration, but its effect can be allowed
for by ignoring any support provided in skin friction to the portion of the pile shaft within the soft clay. Methods of
calculating the surface heave within a pile group have been discussed by Hagerty and Peck(®:24), Chow and Teh(2:25) have



established a theoretical model relating the pile
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Fig. 5.32 Comparison of stress distribution beneath shallow raft foundation and beneath pile
groups

(a) Shallow raft
(b) Short friction piles
(c) Long friction piles

head heave/diameter ratio to the pile spacing/diameter ratio for arange of length/diameter ratios in soft, firm, and stiff clays.
It is not good practice to terminate pile groups within a soft clay since the reconsolidation of the heaved and remoulded soil
can result in the substantial settlement of a pile group, and neighbouring structures can be affected. It may be seen from
Figure 5.32 that there islittle difference between the extent of the stressed zone around and beneath a surface raft and a group
of short friction piles. The soil beneath the raft is not disturbed during construction and hence the settlement of the raft may
be much less than that of a pile group carrying the same overall loading. Thiswasillustrated by Bjerrum(2:26), who compared
the settlement of buildings erected on the two types of foundation construction on the deep soft and sensitive clays of
Drammen near Oslo.

A building where the gross |oading of 65kN/m2 was reduced by excavation for a basement to a net loading of 25kN/m? was
supported on 300 timber friction piles 23m long. In 10 years the building had settled by 110mm and the surrounding ground
surface had settled by 80mm. A nearby building with a gross loading of 55kN/m?2 had a fully compensated unpiled
foundation, i.e. the weight of the soil removed in excavating for the basement balanced the superstructure and substructure
giving a net intensity of loading of zero on the soil. Nearly 30mm of heave occurred in the base of excavation and thus the
settlement of the building was limited to the re-consolidation of the heaved soil. The net settlement 9 years after completing
the building was only 5mm.

Lateral movement of aclay soil and the development of high pore pressures can damage structures or buried services close to
apile group. Adams and Hanna(>:27) measured the pore pressures devel oped within the centre of alarge group of driven piles
at Pickering Nuclear Power Station, Ontario. The horizontal ground strains were also measured at various radial distances
from the centre. The group consisted of 750 piles driven within a circle about 46m in diameter. Steel H-section piles were
selected to give aminimum of displacement of the 15m of firm to very stiff and dense glacial till, through which the piles
were driven to reach bedrock. From measurements of the change in the distance between adjacent surface markersit was
calculated that the horizontal earth pressure at a point 1.5m from the edge of the group was 84kN/m2 while at 18.8m from the
edge the calculated pressure was only 1kN/m2. Earth pressure cells mounted behind a retaining wall 9m from the group
showed no increase in earth pressure due to the pile driving. Very high pore pressures were developed at the centre of the
piled area, the increase being 138kN/m2 at a depth of 6m, dissipating to 41kN/m?, 80 days after completing driving of the
instrumented pile, when all pile driving in the group had been compl eted.

The average ground heave of 114mm measured over the piled area represented a volume of soil
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Fig. 5.33 Observations of heave due to pile driving in clay (after Brzezinski et al.(5.29))

displacement greater than the volume of steel piles which had been driven into the soil, for which the theoretical ground
heave was 108mm.

Substantial heave accompanied by the lifting of piles already driven can occur with large displacement piles. Brzezinski et al.
(5.28) made measurements of the heave of 270 driven-and-cast-in-place piles in agroup supporting a 14-storey building in
Quebec. The piles had a shaft diameter of 406mm and the bases were expanded by driving. The piles were driven through
6.7m to 11m of stiff clay to avery dense glacial till. Precautions against uplift were taken by providing a permanent casing to
the piles and the concrete was not placed in the shafts until the pile bases had been re-driven by tapping with a drop hammer
to the extent necessary to overcome the effects of uplift. The measured heave of a cross-section of the piled areais shown in
Figure 5.33. It was found that the soil heave caused the permanent casing to become detached from the bases, as much as
300mm of separation being observed. Heave effects were not observed if the piles were driven at a spacing wider than 12
diameters. This agrees with the curves established by Chow and Teh(3:25) which show a pile head heave of only about 1mm
for a spacing of 12 diameters.

Similar effects were observed by Cole3:29). At three sites the heave was negligible at pile spacings wider than 8 to 10
diameters. Cole observed that uplift was more afunction of the pile diameter and spacing than of the soil type or pile length.
Where piles carry their load mainly in end bearing the effect of uplift is most damaging to their performance and on all sites
where soil displacement is liable to cause uplift, precautions must be taken as described in 5.8. Heave is not necessarily
detrimental where piles are carried by skin friction in firm to stiff claysin which there will be no appreciable subsidence of
the heaved soil to cause negative skin friction to develop on the pile shaft. On a site where a 12-storey block of flats was
supported by driven-and-cast-in-situ pilesinstalled in 5m of firm London clay to terminate at the base of a4m layer of stiff
London clay, about 0.5m of heave was observed in the ground surface after seventy piles had been driven within the 24x20m
area of the block. A pile was tested in an area where 220mm of heave had occurred. The settlement at 1300kN (i.e. twice the
working load) was 23mm, while the settlement at the working load was only 2.5mm.

Heaving and the development of high pore pressures do not occur when bored-and-cast-in-place piles are installed in groups.
However, general subsidence around the piled area can be caused by the ‘draw’ or relaxation of the ground during boring. In
soft sensitive clays the bottom of a pile borehole can heave up dueto ‘piping’, with a considerable loss of ground. These
effects can be minimized by keeping the pile borehole full of water or bentonite slurry during drilling and by placing the
concrete within a casing which is only withdrawn after al concrete placing is completed.

Detrimental effects from heave are not usually experienced when driving pilesin groups in cohesionless soils. A loose sail is
densified, thus requiring imported filling to make up the subsidised ground surface within and around the group. Adjacent
structures may be damaged if they are within the area of subsidence. A problem can arise when the first pilesto be installed
drive easily through aloose sand but, as more piles are driven, the sand becomes denser thus preventing the full penetration
of all the remaining piles. This problem can be avoided by paying attention to the order of driving, as described in 5.8.
Subsidence due to the loss of ground within and around a group in a cohesionless soil can be quite severe when bored-and-
cast-in-place piles are installed, particularly when ‘shelling’ is used as the boring
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method, (see 3.3.5). The subsidence can be very much reduced, if not entirely eliminated, by the use of rotary drilling with
the assistance of a bentonite slurry (see 3.3.6).

5.8 Precautions against heave effectsin pile groups

It will have been noted from Section 5.7 that the principal problems with soil heave and the uplift of piles occur when large

displacement piles are driven into clay. In cohesionless soils the problems can be overcome to a great extent by using small
displacement piles such as H-sections or open-ended steel tubes. To adopt a spacing between piles of 10 or more diametersis
not usually practical if pile group dimensions are to be kept within economical limits. Pre-boring the pile shaft is not aways
effective unless the pre-bored hole is taken down to the pile base, in which case the skin friction will be substantially reduced
if not entirely eliminated. Jetting pilesis only effective in a cohesionless soil and the problems associated with this method
are described in 3.1.9. The most effective method is to re-drive any risen piles, after driving al the pilesin a cluster that are
separated from adjacent piles by at least 12 diameters has been compl eted.

In the case of driven-and-cast-in-place piles, a permanent casing should be used and the re-driving of the risen casing and
pile base should be effected by tapping the permanent casing with a 3-tonne hammer, as described by Brzezinskief al.(5:28),
Alternatively, the ‘Multitube’ method described by Cole(>:29) can be used. This consists of providing sufficient lengths of
withdrawable casing to enable all the piling tubes to be driven to their full depth and all the pile bases to be formed before the
pile shaftsin any given cluster are concreted. An individual cluster dealt with in this way must be separated from a
neighbouring cluster by a sufficient distance to prevent the uplift of neighbouring piles or to reduce this to an acceptable
amount. On the three sites described by Cole it was found possible to drive pilesto within 6.5 diameters of adjacent clusters
without causing an uplift of more than 3mm to the latter. This movement was not regarded as detrimental to the load/
settlement behaviour. Cole stated that, although the *Multitube’ system required eight driving tubes to each piling rig, the
cost did not exceed that of an additional 2m on each pile.

Curtis(3:20) states that it is possible to re-drive risen driven-and-cast-in-situ piles using a 3- to 4-tonne hammer with a drop
not exceeding 1.5m. The head of the pile should be protected by casting on a 0.6m capping cube in rapid-hardening cement
concrete.

Colc(2:29) stated that the order of driving piles did not affect the incidence of risen piles but it did change the degree of uplift
on any given pilein agroup. Generally the aim should be to work progressively outwards or across a group, and in the case
of an elongated group from end to end or from the middle outwards in both directions. This procedure is particularly
important when driving pilesin cohesionless soils. If piles are driven from the perimeter towards the centre of agroup, a
cohesionless soil will ‘tighten-up’ so much due to ground vibrations that it will be found impossible to drive the interior
piles.

It is desirable to adopt systematic monitoring of the behaviour of all pilesinstalled in groups by taking check levels on the
pile heads, by carrying out re-driving tests, and by making loading tests on working piles selected at random from within the
groups. Loading tests undertaken on isolated piles before the main pile driving commences give no indication of the possible
detrimental effects of heave. Lateral movements should also be monitored as necessary.

5.9 Pile groups beneath basements

Basements may be required beneath a building for their functional purpose, e.g. as an underground car park or for storage.
The provision of a basement can be advantageous in reducing the loading which is applied to the soil by the building. For
example, if abasement is constructed in an excavation 7m deep the soil at foundation level isrelieved of a pressure
equivalent to 7m of overburden, and the gross loading imposed by the building is reduced by this amount of pressure relief. It
Is thus possible to relieve completely the net loading on the soil. An approximate guide to the required depth of excavation is
the fact that a multistorey dwelling block in reinforced concrete with brick and concrete external walls, lightweight concrete
partition walls, and plastered finishes weighs about 12.5kN/m? per storey. This loading isinclusive of 100% of the dead |oad
and 60% of the design imposed load. Thus a 20-storey building would weigh 250kN/m?2 at ground level, requiring a
basement to be excavated to a depth of about 20m to balance the loading (assuming the ground-water level to be 3m below
ground level and taking the submerged density of the soil below water level).

Deep basement excavations in soft compressible soils can cause considerable constructional problems due to heave,
instability, and the settlement of the surrounding ground surface. Because of thisit may
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Fig. 5.34 Piled basementsin various ground conditions

(a) Wholly in compressible clay

(b) Compressible clay over bedrock

(c) Soft clay over stiff clay

(d) Loose sand becoming denser with depth

be desirable to adopt only a partial relief of loading by excavating a basement to a moderate depth and then carrying the net
loading on piles taken down to soil having alesser compressibility.

In all cases where piles areinstalled to support structuresit is necessary to consider the effects of soil swelling and heave on
the transfer of load from the basement floor slab to the piles. Four cases can be considered as described below and shown in

Figure 5.34.

Pileswholly in compressible clay (Figure 5.34a)

In this case the soil initially heaves due to swelling consequent on excavating the foundation, and further heave results from
pile driving. The heaved soil is then trimmed off to the correct level and the basement slab concreted. If the concreting is
undertaken within afew days or aweek after the pile driving there is atendency for the heaved soil to Slump down,
particularly in a soft clay which developed high pore pressures. A space may tend to open between the underside of the
concrete and the soil surface. When the superstructure is erected the piles will carry their working load and if correctly
designed they will settle to an acceptable degree. Thiswill in turn cause the basement slab to settle but pressure will not
develop on its underside because the soil within and beneath the settling piles will move down with them. Thus the maximum
pressure on the underside of the basement slab is due to the soil swelling at an early stage before partial Slumping of the
heaved soil takes place and before the piles carry any of their designed loading. The uplift pressure on the basement slab will
be greater if bored piles are used since no heaving of the soil is caused by installing the piles, and if the basement dlab is
completed and attached to the piles soon after completing the excavation the swelling pressures on the underside of the slab
will cause tension to be developed in the piles. Thisis particularly liable to happen where bored piles are installed from the
ground surface before the excavation for the basement commences. Concreting of the pile shaft isterminated at the level of
the underside of the basement slab and the construction of the basement slab usually takes place immediately after the
completion of excavation and before any heave of the excavation can take place to relieve the swelling pressure. Generally,
in any piled basement where bored piles are installed wholly in compressible clay the basement slab should be designed to
withstand an uplift pressure equal at least to one-half of the dead and sustained imposed load of the superstructure.
Alternatively, avoid can be provided beneath the basement slab by means of collapsible cardboard or plastics formers. The
piles can be designed to be anchored against uplift or they can be sleeved over the zone of swelling. Anchoring the piles
against uplift by increasing the shaft length to increase skin friction below the swelling zone is often the most economical
solution to the problem. Where void formers made of cardboard or plastics are used to eliminate swelling pressure beneath
the basement slab thereisarisk of bio-degradation of the organic materials causing an accumulation of methane gasin the
void. Venting the underside of the slab can be difficult and costly.

Providing an increased shaft length can be made more economical than sleeving the pile shaft within the swelling zone.
Fleming and Powderham(2:30) recommended that where piles are reinforced to restrain uplift the friction forces should not be
underestimated and they suggest that if the forces are estimated conservatively it would be appropriate to reduce the load
factors on the steel, perhaps to about 1.1.

Hydrostatic pressure will, of course, act on the basement slab in water-bearing soil. The piles must
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be designed to carry the net full weight of the structure (i.e. the total weight less the weight of soil and soil water excavated
from the basement).

When installing piles for ‘top-down’ construction the empty borehole from the pile head below the lowest basement floor
slab up to the ground surface is supported by temporary casing. Steel columns are set on the pile heads and are surrounded
with sand before the casing is extracted. Particular care is necessary in establishing the position of the pile borehole and
maintaining vertically in drilling. If thisis not done there could be considerable error in the position of the pile head and
difficultiesin locating the column in the design position.

The tolerance in pile position permitted by the Institution of Civil Engineers’ Specification for Piling(21) is 75mm and the
permitted deviation from the vertical of abored pileis1in 75. Taking as an example a 3-storey basement with an overall
depth from ground surface to pile head level (beneath the lowest floor slab) of 15m the centre of the pile could be 275mm
from the design position. Consequently either the column set in itsintended position in the superstructure would be off-
plumb or the column would apply an eccentric load to the pile head. The permitted tolerances should be kept in mind when
considering the pile diameter and the design of reinforcement to provide for eccentric loading.

Pilesdriven through compressible clay to bedrock (Figure 5.34b)

In this case soil swelling takes place at the base of the excavation followed by heave if driven piles are employed. As before,
the heaved soil tends to slump away from the underside of the basement slab if the latter is concreted soon after pile driving.
Any gap which might form will be permanent since the piles will not settle except due to avery small elastic shortening of
the shaft. If bored piles are adopted, with along delay between concreting the base slab and applying the superstructure
loading to the piles, the pressure of the underside of the slab due to long-term soil swelling might be sufficient to cause the
pilesto lift from their seating on the rock. The remedy then isto provide avoid beneath the slab, and to anchor the pilesto
rock or to sleeve them through the swelling zone.

Pilesdriven through soft clay into stiff clay (Figure 5.34c)

This caseisintermediate between the first two. There is a continuing tendency for the heaved soft clay to settle away from
the underside of the basement slab, because the settlement of the piles taking their bearing in the stiff clay isless than that
caused by the reconsolidation of the heaved and disturbed soft clay. Uplift pressure occurs on the underside of the base slab
if bored piles are used, and a design value equal at |east to one-half of the combined dead and imposed load of the
superstructure should be considered. Alternatively the effects of heave should be eliminated as described above.

Pilesdriven into loose sand (Figure 5.34d)

Inthiscaseit is presumed that the piles are driven through loose sand to an end bearing in deeper and denser sand. The slight
heave of the soil caused by excavating the basement is an instantaneous el astic movement. No heave occurs because either
pile driving causes some settlement of the ground surface due to densification, or aloss of ground results due to pile boring.
When the superstructure load is applied to the piles they compress, but the soil follows the pile movement, and any soil
pressures devel oped on the underside of the basement slab are relatively small. Hydrostatic pressure occurs in awater-
bearing soil.

In all cases when designing piled basements the full design working load should be considered as acting on the pilesand, in
the case of piles bearing on rock or granular soils of low compressibility, the load on the underside of the basement slab can
be limited to that caused by the soil pressure (i.e., the overburden pressure measured from the ground surface around the
basement) and hydrostatic pressure. Sometimes atall building is constructed close to alow-rise podium (Figure 5.35) and
both structures are provided with a piled basement. Piling beneath the podium is required to reduce differential movement
between the heavily-loaded tower block and the podium. Uplift of the latter may occur if the weight of the superstructureis
less that that of the soil removed in excavating for the basement. In such a case the piles must be anchored below the zone of
soil swelling and designed to take or eliminate tension. The pressure on the underside of the podium basement slab will be
egual to the swelling pressure exerted by the soil unless avoid former is used to eliminate the pressure. A vertical movement
joint passing completely through the basement and superstructure should be provided between the tower and podium to allow
freedom of movement.

Measurements of the relative loads carried by the piles and the underside of the slab of a piled basement raft were described

by Hooper(3:31), The measurements were made during and subsequently to the construe-
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tion of the 31-storey building of the Hyde Park Cavalry Barracksin London. The 90m high building was constructed on the
piled raft 8.8m below ground level. The 51 bored-and-cast-in-place piles supporting the raft had a shaft diameter of 910mm
and an enlarged base 2400mm in diameter (Figure 5.36a). The piles were installed by drilling from ground level and

concreting the shaft up to raft level before commencing the bulk excavation.

The weight of the building (including imposed load but excluding wind load) was calculated to be 228MN. The weight of
soil removed when excavating through gravel on to the stiff London clay at raft level was 107MN, giving a net load to be
transferred by the raft and piles to the London clay of 121MN, or a net bearing pressure at raft level of 196kN/m2. Load cells
were installed in three of the piles to measure the load transferred from the raft to the pile shaft, and three earth pressure cells
were placed between the raft and the soil to measure the contact pressures developed at this interface. Settlements of the raft
at various points were al'so measured by means of levelling pointsinstalled at ground level.

The observations of pile loadings and contact pressures were used to estimate the proportion of the total load carried by the
piles and the basement raft from the initial stages of construction up to 3 years after completing the building. The results of
these calculations are shown in Figure 5.36b and are compared with the calculated total weight of the building at the various

stages of construction. Hooper(®:31) estimated that at the end of construction 60% of the building load was carried by the piles
and 40% by the underside of the raft. In the post-construction period there was a continuing trend towards the slow transfer

of more load to the piles, about 6% of the total downward structural load being transferred to the pilesin the three-year
period.

5.10 The optimization of pile groupsto reduce differential settlementsin clay

Cooke et al.(5:32) measured the proportion of load shared between the piles and raft and also the distribution of load to
selected pilesin different parts of a43.3m by 19.2m piled raft supporting a 16-storey building in London clay at Stonebridge
Park. There were 351 pilesin the group with a diameter of 0.45m and
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(a) Foundation arrangements and soil characteristics
(b) Distribution of loading between raft and piles

alength of 13m. The piles were uniformly spaced on a 1.6m square grid. The overall loading on the pile group was about
200kN/m?2

At the end of construction the piles carried 78% of the total building load, the remainder being carried by the raft. The
distribution of the load to selected piles near the centre, at the edges and at the corners of the group is shown in Figure 5.37.
It will be seen that the loads carried by the corner and edge piles were much higher than those on the centre piles. The
loading was distributed in the ratio 2.2:1.4:1 for the corner, edge and centre respectively.

Advantages can be taken of the load sharing between raft and piles and between the various pilesin a group to optimize the
load sharing whereby differential settlement is minimized and economies obtained in the design of the structural frame. The
procedure in optimization is described by Padfield and Sharrock(2:10), Central piles are influenced by alarger number of
adjacent piles than those at the edges. Hence, they settle to a greater extent and produce the characteristic dished settlement.
Therefore, if larger stiffer piles are provided at the centre they will attract a higher proportion of the load. The outer piles are
shorter and thus less tiff and will yield and settle more, thus reducing the differential settlement across the group. The
alternative method of varying the settlement response to load is to vary the cross-sectional dimensions. The centre piles are
made long with straight shafts and mobilize the whole of their bearing capacity in skin friction at a settlement of between
10mm and 15mm. The shorter outer piles can be provided with enlarged bases which require a greater settlement to mobilize

the total ultimate bearing capacity (see 4.6). An example of thisis given by Burland and Kalra(2:9).
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L oad distribution between the pilesis achieved through the continuous pile cap which must be designed to be stiff enough to
achieve this. With perfect optimization differential settlement can be reduced to zero. The analysis to achieve optimization is
complex and involves interaction factors discussed in 5.4. A computer is required to perform the necessary calculations. It is
also necessary to check that the stressis not excessive on the shafts of the central piles which are designed to carry a high
proportion of the load.
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5.12 Worked examples

Example 5.1

Piles driven to adepth of 13.90m below ground level into afirm to stiff clay are arranged in a group consisting of ten rows of
seven piles, each pile carrying aworking load of 360kN. The profiles of deformation modulus Eu and coefficient of

compressibility m are shown in Figure 5.38. Calculate the settlement of the pile group.
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For the arrangement of the piles shown in Figure 5.38, the overall dimensions of the group are 9 * 1.1
=9.9m, by 6 x 1.1 =6.6m1pe spread of the load shown in Figure 5.3a applies.

Depth to centre of equivalent raft = § x 13.90 = 9.3m.

Dimensions of eguivalent raft = 6.60 + (§ x 7.80 x 2) = 10.5m
and 6,60 + (3 x 7.80 x 2) = 13.8m

70 = 360
10.5 % 13.8

Pressure at level of equivalent raft g, = = 174kN/m?
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The settlements are calculated over the zone of soil down to the level of the incompressible stratum, that is at a depth of 20m
below the base of the equivalent raft. It is convenient to divide the soil into five 4m layers commencing at 9.30m and
extending to 29.30m. The immediate and consolidation settlements are then calculated for each layer.

Immediate settlement in Layer 1

From Figure 5.38, average Eu« = 39MN/m? From Figure5.11, for /B = 4/10.5 = 0.38 54 L/B

=13.8/105=13 p;=0.15 anqfor P/B=9.3/10.5=0.9 gnq L/B=1.3 pq=0.93 Therefore from equation 5.3,

immediate settlement = p, = 0.15 x ﬂﬂ;}:; E?c:]éuj X 1000 = H.5mm.

The settlements in the underlying four layers are calculated in a similar manner, the calculations for all five layers being
tabulated thus.

Layer B(m) L(m) g (kN/m?) Hq K, E (MN/m?) ri (mm)
1 10.5 13.8 174 0.15 0.93 39 6.5
2 15.1 18.4 90 0.06 0.93 52 15
3 19.7 23.0 55 0.03 0.92 64 0.5
4 24.3 27.6 37 0.02 0.92 76 0.2
5 28.9 32.2 27 0.01 0.93 88 0.1

Total immediate settlement=8.8mm

The immediate settlement can be checked from equation 5.4b because the deformation modulus increases linearly with
depth. At level of equivalent raft Eu is 32MN/m?2 and at 20m below this level it is 97MN/m2. Therefore from equation 5.4a:

97 =32(1+20k/10.5)

£k =11

Dividing equivalent raft into four rectangles, each 6.9x5.25m. From Figure 5.14 for = 1.3, H /B =20/5.25=3.8 5
k=1.1.1pi50.13. From equation 5.4b: L/B=6.9/5.25

174 % 5,25 x 0,13 x 1000

32 X 1000 =3.Tmm

Settlement at corner of rectangle =

Settlement at centre of equivalent raft = 4 % 3.7 = 14.8mm
Oedometer settlement for Layer 1

Depth to centre of layer=93+ 2.0=11.3m.

From Figure 5.17 with L/B=138/10.5=1.3 34 z/B=2/10.5=0. 19 gressat the centre of layer
=0.8 x 174kN/ m* From Fi gure 5.35 average m, at centre of layer ~ 0.09MN/ M’ Therefore

N 0.09 = 0.80 x 174 x 4 x 1000
cedometer settlement from equation 3.5 =p ;= 1000

= 50.1mm.

The oedometer settlements for all five layers are calculated in a similar manner and are tabulated thus.



Layer Depth to centre of layer (m) z(m) z/B s, m (M N/m?2) roed
1 11.3 2 0.19 0.80x174 0.09 50.1
2 15.3 6 0.57 0.51x174 0.07 24.8
3 19.3 10 0.95 0.33x174 0.05 11.5
4 23.3 14 0.33 0.22x174 0.04 6.1
5 27.3 18 0.71 0.15x174 0.04 4.2

Total oedometer settlement=96.7mm

From Figure 5.16 the depth factor forD?! VLB = 9'3[]—‘/\’;13'8 X 10.5=10.77 ,150.78 and for London clay the
geological factor Ly is about 0.5. Therefore
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corrected consolidation settlement = p. = 0.5 x 0.78 % 96,7 = 37.7mm.
Total settlement of pile group = g, + p. = 8.8 + 37.7 = 46.5mm.

In practice a settlement between 30mm and 60mm would be expected.

Example 5.2

Part of the jetty structure referred to in Example 4.4 carries bulk handling equipment with atotal dead and imposed load of
6MN. Design a suitable pile group to carry this equipment and cal cul ate the settlement under the dead and imposed |oading.
It has been calculated in Example 4.4 that a 450x450mm precast concrete pile driven to 7m below the sea bed could carry a
working load of 250kN in compression with a safety factor on the ultimate resistance of asingle pile of 3.1. For uniformity in
design and construction it is desirable to adopt a pile of the same dimensions to carry the bulk handling plant. A group of
forty-two piles arranged in seven rows of six piles should be satisfactory.

Spacing the piles at centres equal to three times the width the dimensions of the group are 6 X 1.33

=8.10m by 5 x 1.35=6.75m_A gjitaple pile cap in the form of athick slab would be 10.5 ¥ 9.0 % 1.25m deep. Take a
depth of water of 12m and a height of 4m from water level to the underside of the pile cap.
Weight of pile group above sea bed level

= l}.Hl([lU.E % 9.0 % 1.25 x 2.5] + {42 x 0.457[(12 % 1.5) + (4 x 2.5;}}) = 5233kN.

.
Working load on each pile = (6 +£2'"'33} X 1000 = 267kN.

Safety factor on ultimate load of 777kN (Example 4.4) = 777/267=2.9 , which is satisfactory.
Because the piles are driven into a uniform sand carrying their load partly in skin friction and partly in end bearing the
distribution of load shown in Figure 5.3a applies.

Depth below sea bed to equivalent raft =§ x 7 =4.67Tm.
Thus the dimensions of the equivalent raft are
L=8.14(ix2x467)=104m
B=6754+{1x2x4.67)=91m.

In calculating settlements it is only necessary to consider the dead and imposed loading from the bulk handling plant. The
piles and pile cap settle immediately as they are constructed and the pile cap isfinished to alevel surface.

6= 1100

10.4x0.1 ~ O3KN/m’.

Pressure on sand below raft due to weight of plant =

At level of raft, effective overburden pressure = 1.2 x 9.81 x 4.67 = 55kN;/m?,

From Figure 5.20 for a standard penetration test N-value of 15 blows/300mm, IC is4x1072,

Assume for the purposes of illustration that the previous overburden pressure was 75kN/m2. Then from equation 5.13b the
immediate settlement for an effective pressure increase of 63kN/m? is:

4% 10 ¢

pi=63x9.1% x = 3.9mm

From Figure 5.21 the depth of influence Z for B of 9.1mis5m. Thisisless than the thickness of the compressible layer.

Hence the thickness factor, fs, IS unity. From equation 5.14a:



o {125 x10.4/90Y
shape factor = (]ﬂ.dl,.-’ﬂ'.l - [}.25) = 1.03

The time factor for settlement at 30 years and static loading condition is:

log 30 _

f,=1+0.3+0.2 7

2.5

Therefore, consolidation settlement

=1.0=x1x2.5x39
= 1(L2mm

The imposed |oading would be intermittent in operation.
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Checking from equation 5.7, for dS greater than 2B and L/B=1.1, Figure 5.19 gives s=1.1.

. 1.1 x 63
Immediate settlement = = Smm

{87 E)
15 (] + 0.4 x 51

Therefore the pile group would be expected to settle between 5mm and 10mm under the dead and imposed loading from the
bulk handling equipment.

Example 5.3

The driven-and-cast-in-place piles in Example 4.6 each carry aworking load of 900kN and are arranged in a group of twenty
rows of fifteen piles spaced at 1.60m centresin both directions. Calculate the settlement of the pile group using the static
cone resistance diagram in Figure 4.49. Length of pile group=19x1.6=30.4m. Width of pile group=14%1.6=22.4m.

The transfer of load from the piles to the soft clay in skin friction is relatively small, and therefore the distribution of load
shown in Figure 5.3b applies.

Depth to equivalent raft foundation = & X 15 = 10m pelow the surface of the sand stratum or 22m below ground level, as
shown in Figure 5.39.

Length of equivalent raft L = 30.4 + (2 x 10 x {) = 35.4m
Width of equivalentraft B =22.4+ (2 x 10 x3) =37.4m

Pressure on soil beneath

raft _ 270 = 1000 _ ,
=35 axa74 - 2T8kN/m?.

The settlement can be calculated by the Schmertmann method. It is convenient to divide the cone resistance diagram shown

in Figure 4.49 into three layers between the base of the equivalent raft and
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rock head. The sub-division of these layers and the superimposition of the Schmertmann curves beneath the base of the raft
are shown in Figure 5.39. The settlement is calculated over aperiod of 25 years.

From Figure 5.39,

Layer For L/B=1 IZ For L/B=10
0.20 0.24
2 0.36 0.30
3a 0.46 }
0.39
3b 0.40
Layer For L/B=1 E 4 For L/B=10
1 5 % 2.5 = 12.5MN/m? 5 % 3.5 = 17.5MN/m?
2 16 x 2.5 = 40MN/m? 16 % 3.5 = 56MN/m?
3 20 x 2.5 = SOMN/m? 20 x 3.5 = 70MN/m?

For axisymmetric loading (L/B=1) from equation 5.17:
Uncorrected settlement is given by:

Laver | = 278 x (1L.20 x 6 x 1000 =27mm
yer = = 12.5 x 1000
Laver 2 = 278 x (0L36 » 5.2 x 1000 =13mm
y 40 x 1000
278 ¥ 0,46 x 2.5 = 1000 =6mm
Layer 3a =
S0 = 1000
=23
Layer 3b = 278 x 0.4 x 10.3 x 1000 mm
50 = 1000
Total =69mm

Similarly, for L/B> 10 the uncorrected settlements are:

Layer 1 =19mm
Layer 2 =9mm
Layer 3 =21mm
Total =49mm
L/B=13

IS 66mm
=0.81[(2 % 1.9) + (10 x 0.9) + (10 x 0.9] = Elﬂflrct*'-T_,-*'rﬂ2

By interpolation the settlement for

Effective overburden pressure at base of raft

214
_ Ci=1-10.5x — =0.62.
From equation 5.18, 278

25
_ C:=1+02[g— = 1.48.
From equation 5.19, 0.1
Corrected settlement at 25 years = 1.62 X 1.48 ¥ 66 = 61mm

Example 5.4

Nuclear reactors, their containment structures and ancillary units weighing 900MN are to be constructed on a base 70mx32m
sited on 8m loose to medium-dense sand overlying a moderately strong sandstone. Rotary cored boreholes showed that
below athin zone of weak weathered rock the RQD value of the sandstone was 85% and the average unconfined
compression strength was 14MN/m2. Design a suitable piled foundation and calcul ate the settlement. say between 50mm and
75mm



900

Overall loading on base =

Under thisloading the settlement of the sand will be excessive. A piled foundation is required and relatively few large-
diameter piles will be more economical than alarge number of lightly loaded piles.
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Adopt piles 1.5m in diameter taken 2m below weak weathered rock on to the moderately strong sandstone. It will be possible
to permit loading of the concrete forming the bored piles to the maximum working stress on the concrete of the pile shaft. For

25 grade concrete, max. working stress = 0.25 x 25 = 6.25MN/m?* (tactor of safety on) uc = 2-2 and since max.

working load on pile =4 % 7% 1,52 % 6.25 = [ 1MN, required number of piles = 900/11 = 82

A suitable arrangement of piles consists of fourteen rows of six piles placed at 5m centresin both directions,

Length of pilegroup L = 13 % 5 = 65m.

Width of pilegroup B =5 x 5= 25m.

The transfer of load in skin friction to the sand isrelatively small and the piles can be regarded as end bearing on the rock.
The base of the equivalent raft will be shown in Figure 5.3c.

Q00

m = U.Sf-Mme-.

Overall loading at base of raft =

From 4.7.3 for RQD of 85%, mass factor=0.7 and from 5.5 the modulus ratio of awell-cemented sandstone is 300,
deformation modulus of sandstone = £a = 0.7 % 300 X 14 = ZQMMH;';'“I, say 3000MN/m2.

From Figure 5.10 with /8 = ®_anqg L/B=065/25=26 u =11 gngwithand L/B = 2.6, o = 0.95 prom
equation 5.3, D/B=(8+2)/25=04

LT x 0095 x (L33 x 25 x 1000 _
3000 B

settlement of foundation = Smm

Example 5.5

A site where the ground conditions consist of 5.5m of soft organic silty clay overlying 35m of stiff to very stiff over-
consolidated clay followed by rock, is reclaimed by placing and compacting 4m of sand fill covering the entire site area. Six
months after completing the reclamation a 12-storey building imposing an overall dead load and sustained imposed load of
160kN/m?2 on a ground floor area of 48m by 21m is to be constructed on the site. The average undrained shearing strength of
the stiff clay stratum is 90kN/m?2 at the surface of the stratum, increasing to 430kN/m? at rockhead. Measurements of the
deformation modulus and modulus of volume compressibility show alinear variation, with average values at the top and
bottom of the stiff clay stratum as follows.

At top: EH = *'I-{JMN;'II’H:. m,. = U-ﬂglﬂ:erH-

At bottom: Eu = 120MN/m?, m, = (.04m*/MN.

Design suitable piled foundations and estimate the settlement of the completed building.

Because of the heavy loading it is economical to provide large-diameter bored-and-cast-in-situ piled foundations. A suitable
arrangement consists of fourteen rows of six piles (Figure 5.40). Trial-and-adjustment cal culations show that a pile diameter
of 1200mm is suitable. The pile spacing must be a minimum of 3 diameters, giving a spacing of at least 3.6m. Adopt a
spacing of say 3.75m in both directions. Thus the dimensions of the pile group are 5 ¥ 3.75 = 18.75m and

13 % 3.75=48.75m.

48 % 21 x 160

Average load carried by piles = T E

= 1 920kN per pile.

The central two rows of piles carry higher loads than the outer two rows on each side. A likely loading for the centre rowsis
2200kN per pile. The required penetration of the piles will be calculated on this loading. The exterior piles will be taken to
the same depth but adopting a reduced diameter as required by the lesser loading.

The piles carry negative skin friction due to the consolidation of the soft clay under the imposed loading of the sand fill. At 6
months, settlement of the soft clay will be continuing at avery slow rate and it is appropriate to use Figure 4.44 to calculate
the negative skin friction in this layer.

Unit negative skin friction at top of layer

=0.300%, =0.30 X 9.8] X 2.1 x 4=4,7kN/m?.

Unit negative skin friction at ground-water level (see Figure 5.40)

= (.30 x 9.B1[(2.1 x 4) + (1.6 x 3)] = 8.8kN/m*.



Unit negative skin friction at bottom of layer

= (.30 x 9.81[(2.1 x 4) + (1.6 x 3) + (0.6 x 2.5)] = 43.3kN/m?.
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Fig. 5.40

Therefore total negative skin friction in soft clay
=7 X L2 X[#4.7 + 8.8) x 3 + §(8.8 + 43.3) x 2.5] = T46kN.

Because the pile will settle due to yielding of the stiff clay when the full working load is applied, the pile will move
downwards relative to the lower part of the soft clay. Thus negative skin friction will be developed only over about 80% of
the length within the soft clay. Thus

approx. total negative skin friction in soft clay = (.8 X 746 = 597kN.
The negative skin friction in the sand can be calculated using Kulhawy’ s coefficients. Although the compacted sand fill is

dense it will be loosened by pile boring to give a coefficient KS of 1 and avalue of @ of 30°. From equation 4.13,

negative skin friction on pile in sand fill
=121 298] x 2.1 x4 xtan30® x = x 1.2 x 4 = 359kN.

Total negative skin friction on pile = 359 + 597 = 956kN.
Total applied load on piles in centre rows = Y536 + 220 = 3156KkN.
The required pile penetration depth is calculated on the basis of the building loading, with a check being made to ensure that
the safety factor on the combined building load and negative skin friction is adequate.

Required ultimate pile resistance for overall safety factor of 2 (Section 4.6) = 2 * 220 = 4 400k N
Take atrial penetration depth of 10m into the stiff clay stratum. At the pile base level and the average value of c,on the shaft

is 140kN/m2. Thus €» = 190KN/m?



Ultimate base resistance = 3 ¥ 7% 1.2° x 9 % 190 = 1 935kN.
Load to be carried in skin friction = 4400 — 1935 = 2 465kN.

The adhesion factor for a straight-sided pile can be taken as 0.45. Therefore from equation 4.5,

total load = 2465 =045 140 x wx 1.2 % [,
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from which {=10.4m (say 10.5m) and the trial depth is satisfactory.
Checking the criterion of a safety factor of 3 in end bearing and unity in skin friction, allowable load

= (§ X 1933) + 2465 = 3110kN \yhich roughly equals the building load plus the negative skin friction. Checking the
overall safety factor on the combined loading,

safety factor = (1935 + 2465)/3156 = 1.4

Thisis satisfactory since the negative skin friction on the piles will not contribute to the settlement of the pile group.
The transfer of load from the pile group to the soil will be as shown in Figure 5.3b.

Depth below ground level to base of equivalent raft

=4+55+ (3= 10.5)=16.5m.
The dimensions of the equivalent raft are:
L=48.75+(§x 10.5x 2% })=52.25m.

B=18.75+(§x10.5x2x})=22.25m.

48 x 21 x 160

Pressure on base of equivalent raft due to building load = 575 %335 = 139kN/m?.

Calculating the immediate settlement

T == z
Atalevel of equivalent raft, £u = £7 = 65MN/m
At rockhead, £« = 120MN/m?

120 = 65(1 + 28k,/22.25)

From equation 5.4a, k=0.7
Divide equivalent raft into four rectangles, each 26.1x11.1m

From Figure 5.14 for L/B=126.1/11.1= 23 H/B=28/11.1=25, k= 0.7, |’ID is0.14. From equation 5.4b

‘ 139 x 11,1 x 0.14 x 1000 _
Settlement at corner of rectangle = 65 % 1000 =3.3Jmm

Settlement at centre of equivalent raft =4 % 3.3 =13.2mm

Calculating the consolidation settlement
To calculate the settlement of the pile group due to the building loads only, the 28m layer of clay between the equivalent raft
and rockhead is divided into four 7m layers.

Oedometer settlement in Layer 1.
From Figure 5.17 with z/B=3.5/222=0.16 gnq L/B=52.2/22.2= 2.3 gressat centre of rectangle

=0.83 x 139 = 118kN/m’ \04yius of volume compressibility = 0.07m?/ MN  Then from equation 5.5,

07 x
oedometer settlement uncorrected for depth factor = 0.07 %1 llgm};f X 10N . 57.8mm.

The settlements in the remaining layers are calculated similarly, the results for the four layers are tabulated as follows.

Layer |Depth to centre of layer (m) z(m) |zB s, (KN/m?2 m (M N/m?2) I oeg (MM)
1 20.00 3.5 0.16 118 0.07 57.8
2 27.00 105 0.47 88 0.06 37.0
3 34.00 175 0.79 64 0.05 224
4 41.00 24.5 1.10 50 0.04 14.0




Total uncorrected oedometer settlement=131.2mm

The above summation must be corrected by a depth factor which is given by Figure 5.16, with D/VLB
=16.5/V52.25 x22.25 =048 g L/B=2.35,as p, = 0.85,
To obtain the consolidation settlement r. the summation is also multiplied by the geological factor ug, which is0.5 for an

overconsolidated clay. Therefore

total consolidation settlement = 0,85 x (.5 % 131.2 = 55.8mm.

Total settlement of pile group due to building load only = p; + p. = 13.2 + 55.8 = 6%.0mm.
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To thisfigure must be added the consolidation settlement of the stiff clay due to the sand filling. The immediate settlement is
not taken into account since this will have taken place before commencing the construction of the building.

Oedometer settle due to 4m of sand fill for an average m, of 0.06m2/MN in clay layer

_0.06x9.81 x2.1x4x1000
1000

=4 9mm.

Correcting for the geological factor,
p.=05%x49=24mm.

A time-settlement cal culation would show that about one-third of this settlement would be compl ete before completing the
pile installation. Thus
settlement of 12-storey building due to combined loading from building and sand layer

=790 + (% x 2.4} = 70.6mm.

Therefore it would be reasonable to assume that the final settlement of the building would be between 50 and 100mm.

It will be noted that the negative skin friction on the piles was not added to the loading on the equivalent raft when
calculating the settlement of the building. However, it is necessary to check that the individual piles will not settle
excessively under the combined building load and negative skin friction.

Maximum load on pile=3156kN. If shaft friction on pileisfully developed, the end-bearing load is 3156—-2465=691kN, and
thus

L
end-bearing pressure = m—‘?-fll? = 611kN/m?.

Ultimate unit base resistance = 9 x 190 = 1710kN/m?.

From equation 4.17, with K = (.01

611

i = []-{.-”. b4 1710

#* 1200 = 4mm

Therefore individual piles will not settle excessively and the critical factor isthe overall settlement of the complete pile
group, for which a movement of 50 to 100mm over along period of yearsis by no means excessive.
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CHAPTER 6
Thedesign of piled foundationsto resist uplift and later al
loading

6.1 The occurrence of uplift and lateral loading

When vertical piles are installed beneath buoyant structures such as dry docks, basements, and pumping stations they are
required to resist uplift loads. Where the hydrostatic pressure always exceeds the downward loading, asin the case of some
underground tanks and pumping stations, the anchorages are permanently under tension and cable anchors may be preferred
to piles. However, in the case of the shipbuilding dock floor in Figure 6.1, for example, the anchorages may be under tension
only when the dock is unwatered before the commencement of shipbuilding. Asthe loading on the floor from ship
construction increases to the stage at which the uplift pressure is exceeded, the anchor piles are required to carry compressive
loads. Cable anchors might not then be suitable if the dock floor was underlain by soft or loose soil.

1
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Fig. 6.1 Tension/compression piles beneath floor of shipbuilding dock

Vertical pilesare used to restrain buildings against uplift caused by the swelling of clay soils. Swelling can occur, for
example, when mature trees are removed from a building site. The desiccated soil in the root zone of the trees gradually
absorbs water from the surrounding clay, and the consequent swelling of the clay may amount to an uplift of 50 to 100mm of
the ground surface, causing severe damage to buildings sited over the root zone. In sub-tropical countries where thereisa
wide difference in seasonal climatic conditions, i.e. a hot dry summer and a cool wet winter, the soil zone affected by
seasona moisture changes can extend to a depth of several metres below the ground surface. In clay soils these changes
cause the ground surface to alternately rise and fall with adifferential movement of 50mm or more. The depth to which these
swelling (or aternate swelling and shrinkage) movements can occur, usually makes the use of piled foundations taken below
the zone of soil movements more economical and technically more suitable than deep strip or pad foundations.

Vertical piles must have a sufficient depth of penetration to resist uplift forces by the development of skin friction in the soil
beneath the zone of soil movements (Figure 6.2). Uplift on bored piles can be reduced by casting the concrete in the upper
part of the pile within a smooth polyvinylchoride (pvc) sleeve, or by coating a precast concrete or steel tubular pile with soft
bitumen (see 4.8.3). Uplift can be further reduced by supporting the superstructure clear of the ground surface, or by
providing a compres-
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Fig. 6.2 Uplift on pile due to swelling of soil after removal of mature tree

sible layer beneath pile caps and ground beams (see Figure 7.14). Pilesin large groups may also be lifted due to ground
heave, as described in Section 5.7.

In countries where frost penetrates deeply below the ground surface, frost expansion of the soil can cause uplift on piles,
resulting in severe effects in ‘ permafrost’ regions, as described in Section 9.4. Floating ice on lakes and rivers can jam
between pilesin groups causing them to lift when water levels rise or when the ice sheet buckles.

The most frequent situation necessitating design and against lateral and uplift forces occurs when the piles are required to
restrain forces causing the sliding or overturning of structures. Lateral forces may be imposed by earth pressure (Figure 6.3a),
by the wind (Figure 6.3b), by earthquakes, or by the traction of braking vehicles (Figure 6.3c). In marine structures lateral
forces are caused by the impact of berthing ships (Figure 6.4), by the pull from mooring ropes, and by the pressure of winds,
currents, waves and floating ice. A vertical pile hasavery low resistance to lateral loads and, for economy, substantial
loadings are designed to be resisted by groups of inclined or raking piles (sometimes referred to as ‘ batter’ piles). Thusin
Figure 6.5 the horizontal force can be resolved into two components, producing an axial compressive forcein pile A and a
tensileforcein pile B. It isusual to ignore the restraint offered by the pile cap; thus the magnitude of the each component is
obtained from a simple triangle of forces as shown. Where lateral forces are transient in charcter, e.g. for wind loadings, they
may be permitted to be carried wholly or partly by the pile cap where thisis bearing on the ground (see 7.8). If raking piles
areinstalled in fill or compressible soil which is settling under its own weight or under a surcharge pressure,