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CHAPTER 1

INTRODUCTION

UNTIL the beginning of the present century a ‘‘pile’” was a
straight log of timber about 300 mm in diameter and some 10 m
or so long that was driven into the soil by the blows of a
hammer. Piles or stakes that projected above the ground
formed the supports for bridges and jetties and when driven
entirely below the surface they were used to carry the walls
and columns of buildings. Today, reinforced concrete and steel
have largely taken the place of timber and although piles of
these materials are driven like the timber log was driven, piling
by another art has been developed. By making a tubular hole in
the ground into which concrete is poured, a pile is formed
when the concrete hardens.

Thus the pile of today has to be defined by its function rather
than by its composition or mode of installation. Essentially a
pile is an elongated or columnar body installed in the ground
for the purpose of transmitting forces to the ground. This
extremely wide definition covers piles formed in any manner
and allows for the inclusion of piles with enlargements or
protrusions at the sides or base.

When a pile carries a substantially axial force directed on to
its head, as in the case of a vertical pile beneath a building, it is
called a bearing pile. Piles are also used for resisting horizontal
forces or moments, as in a jetty or dolphin. Where they are
called upon to resist upward forces they may be called tension
or anchor piles. “Sheet” piles are installed in rows and are
shaped so that the sides of each pile interlock with those of its
neighbours to form a continuous bulkhead, so providing a
convenient method of constructing a cofferdam or retaining
wall.
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Piling is a form of construction of great antiquity, and an
almost instinctive trust in piles for overcoming difficulties runs
throughout foundation work. This attitude still exists today,
fostered no doubt by the woeful lack of knowledge of how
piles really behave and it must often have led to piles being
installed where another type of foundation might have been
preferable.

Although piling is still largely an art, and there are cir-
cumstances where dependence must be placed on experience
or even on rule-of-thumb, the engineer endeavours as far as
possible, to apply the methods of mechanics to piled founda-
tion design. He aims to establish an adequate margin between
the working load on the foundation and the load at which he
estimates it will ““fail”” and also to ensure that the foundation
does not settle more than can be tolerated under the working
load.

This book deals with the theories which have been advanced
to predict the loads which piles will carry, both singly and
when used in groups to form a piled foundation. Thus, it is
essentially about bearing piles, and when a pile is mentioned a
bearing pile is implied unless otherwise stated. The problems
of designing sheet piling are different, being concerned with
the evaluation of soil pressures on the resulting bulkhead and
its stability. They form another subject and will not be
considered here.

It has been assumed that the reader has a working know-
ledge of the methods of site investigation and the testing of soil
samples and is acquainted with the basic principles of soil
mechanics. Certain theorems and analytical methods are com-
mon to the solution of all foundation problems and are best
introduced to the student as part of the theory of surface
foundations. For general information on these matters the
student is referred to books such as Soil Mechanics in En-
gineering Practice by Terzaghi and Peck (second edition,
1967), Fundamentals of Soil Mechanics by Taylor (1948),
Foundation Design and Construction by Tomlinson (1963).
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Units of measurement

During the period since 1967 the Systeme International
d’Unites (for which the abbreviation is SI) has been introduced
into Britain. It was intended by British Standards Institution
that the change from Imperial units should be complete by the
end of 1972 and in many subjects this has been achieved. The
use of SI units in engineering has been accepted and fostered
by the teaching establishments and has been used in examina-
tions by the council of Engineering Institutions since 1971. It is
the official system of British Government departments and has
come to be used in most design offices. In consequence this
book is based on SI units. Where in the particular context,
however, the dimensions are empirically associated with one
set of units these are used, the alternative being given if this
seems appropriate.



CHAPTER 2

WHERE PILES ARE USED

The typical ground conditions

The purpose of any foundation is to transmit loads or forces
to the ground without excessive settlement. A piled foundation
is used where it is necessary to carry the load to an underlying
stratum through a layer of weak or compressible material or
through water. In a typical case the decision to use piling
would probably be made if the site investigation showed a bed
of rock, gravel or compact sand beneath deposits of alluvial
silt, soft clay or peat which were too expensive to remove or to
excavate through. Piles from 6 to 18 m long are commonly
used in such circumstances; less frequent are cases where
piles up to 36 m long are used and, exceptionally, piles may
reach 60 m long.

It is important to differentiate between the various typical
conditions in which piled foundations are employed. In Figs.
2.1(a) and (b) the ground beneath the pile tips is strong for a
very great depth. In Fig. 2.1(c) the bearing stratum in which the
piles terminate is of limited thickness and overlies weaker
material. In a case of this sort the properties of the buried bed
of weak material may predominantly influence the behaviour
of the foundation.

The piles in Figs. 2.1(a), (b) and (c) are called end-bearing or
point-bearing piles, since most of the load they carry is
transmitted to their lower ends or points, the shafts of the piles
acting as columns.

Piling is often used in deep beds of clay as in Fig. 2.1(d). The
pile is supported in this case mainly by the adhesion or

4
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FIG. 2.1. The ground conditions in which piles are used. The piles in (a), (b)
and (c) are end-bearing piles: in (d) they are friction piles.

frictional action of the clay on the surface of the pile shaft.

Such piles are termed friction piles.

All piles obtain support from both the frictional forces on
the surface of their shafts and from direct bearing on their
bases or points, but generally one of these components pre-
dominates and the division into “end-bearing” and ‘“‘friction”
piles is simply a convenient terminology.
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When a pile is driven into loose sand compaction is caused
by displacement and the vibration accompanying the installa-
tion. A group of piles sufficiently closely spaced will therefore
create a dense block of sand a little larger than the volume
bounded by the perimeter piles. This dense block with the
embedded piles will transmit loads to its base and may meet
the requirements of the design. Some other method of com-
pacting the sand to form a dense block would serve equally
well, and might be more economical than piling.

Site investigations

The primary requirements of a site investigation are that it
should describe the ground conditions sufficiently well to
enable a suitable bearing stratum to be chosen, and that it
should extend sufficiently deeply below the likely level of the
pile points to give information on all materials that might affect
the foundation. This means that the soil should be examined to
a distance of between 1 and 1; times the width of the structure
below the pile points, unless there is definite evidence from
other sources that no compressible materials are present.
Many foundation failures have occurred because the soil was
not investigated to an adequate depth. There is a strong
temptation to terminate the investigation at, or a little below,
the expected pile point level. Clearly with end-bearing piles,
this is the level at which the principal loads will be applied to
the soil, so that it is the strata below this level which need
investigating.

The site investigation may be by boring only, or by boring
accompanied by penetrometer tests such as the Standard
Penetration Test or the Dutch Cone Penetrometer Test. (These
are described later; see Chapter 6.) Unless the nature of the
soil is known from previous trials it is advisable to put down
two or more boreholes for soil identification and not to rely on
the evidence of penetrometer tests alone. Soil samples from
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boreholes enable the types and positions of the different strata
to be determined and if undisturbed samples are obtained,
triaxial compression and oedometer tests may be made on
cohesive soils. Where sands or gravels are encountered, penet-
rometer tests are generally the most satisfactory for giving a
measure of the density or state of compaction of the bed. The
contours of a resistant bed lying beneath weak material can be
quickly found by probing to supply information for determin-
ing the pile lengths required. In soil containing boulders it is
often difficult to differentiate between large boulders and beds
of rock, so that caution is needed when interpreting the results
if only one or two borings are put down. In such cases local
knowledge, well drilling records and data from any geological
survey made of the area will give guidance as to the nature of
the strata likely to be encountered.



CHAPTER 3

TYPES OF PILES AND THEIR
CONSTRUCTION

Pile classification

Piles may be classified in a number of ways, for example, by
the material of which they are formed, or by their manner of
installation. The method of classification used here is based on
the effect the pile has on the soil during installation. This
divides piles first into two families; those which displace the
soil to accommodate the volume of the pile and those in which
the soil is removed and the void formed is occupied by the pile.
These are best called displacement and non-displacement piles
respectively.

Displacement piles

Displacement piles are of two types:

(a) those in which a solid or hollow pile is driven into the
ground and left in position;

(b) those in which a pile-like body is driven into the ground
and then withdrawn, leaving a void which is filled with
concrete during withdrawal.

It is convenient to speak of the pile being ‘“driven” into the
ground, but with piles of either type the actual method of
installation might be by the blows of a hammer, by vibration,
by pressure from a jack, by loading or by screwing, the choice
being determined by the type of pile, the ground conditions
and the circumstances of the situation.

8
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Type (a) In piles of type (a) the essential feature is that the
disturbed soil remains in contact with the surface of the newly
introduced pile and there is an initial state of stress between
the pile and the soil and in the surrounding soil resulting from
the process of installation. Timber and solid precast concrete
driven piles are obviously of this type, but so are the tubular
and “‘shell” piles, provided the lower end is closed with a shoe
to prevent the soil entering. A strong pipe or tube may be
driven by hammer blows on the top and filled with concrete
after installation. In shell piles the outer skin of the pile is first
installed. This is in the form of a tube of thin sheet steel or
lengths of concrete pipe, which in itself is too weak to
withstand blows on the top without damage. One method of
installation is to drive the shell by means of an internal steel
mandrel onto which the shell is threaded. After the assembly
has been driven into the soil to the required resistance, the
mandrel is withdrawn, leaving the shell in position. The shell is
then inspected internally and filled with concrete to complete
the pile. With a steel shell pile the concrete core provides the
principal structural strength. With a concrete shell pile some 50
per cent of the carrying capacity is supplied by the concrete
shell, the concrete core providing the rest and making the pile
into a monolith. The Raymond pile, Fig. 3.1(a), is a mandrel-
driven steel-shell pile and the West pile, Fig. 3.1(b), is a
mandrel-driven concrete-shell pile. Another method of instal-
ling steel shells is that used for the British Steel Piling Co.’s
‘“cased pile”, Fig. 3.1(c), in which a cushion of concrete is
placed inside the shell on the plate which is welded on to close
the base, and a drop hammer, working inside the shell, forces it
down by blows on the concrete cushion. The pile is completed
by filling the shell with concrete.

The advantages of steel pipe and steel and concrete shell
piles lie in the ease with which the length of the pipe or shell
can be altered to suit the ground conditions as driving pro-
ceeds, leading to economy over preformed piles.

The jointed precast concrete pile has been introduced to



10 THE DESIGN OF PILED FOUNDATIONS

[ 1 Yolly
-— Shell driving
—_— head connected
— to mandrel
e —
Spirally
welded —+—
steel tube
Steel : |
__f—mandrel H H
e~ Driving
shoulder ]
H o H
é § Internal
¢ ——— Steel mandrel |- hammer
J—— T | T~
— 5 : Reinforced
— & | concrete shell
S—— | 4
—— ||| steel band
H"overing joint
Step—-taper
. —corrugated | .
steel shell g i
B S
ho L 1
& X Concrete oL ., .
’ cushion ——=_2 " |About 23
o0 ot diameters
P— Base plate ;
———¢  Concrete shoe welded on |4 .
(a) (b) (©)

F1G. 3.1. Types of shell piles. (a) The Raymond step-taper pile, showing the

driving mandrel. (b) The West pile, showing the driving mandrel and shell

driving head. (c) The British Steel Piling Co.’s cased pile, driven by internal
drop hammer.
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enable the length of preformed concrete piles to be more easily
varied. Lengths of concrete pile with steel end-pieces are
butted together and coupled with pins, wedges, by welding or
by means of a rotary lock.

Steel bearing piles of H section are useful on sites where a
driven pile is required but the soil displacement must be kept
to a minimum. The piles are usually driven by hammer, but a
vibrator-driver can be used in suitable soils. Steel H piles are
quickly extended by welding, or cut off as required.

Type (b). Piles of type (b) are generally formed by a
proprietary system. In almost every case a strong tube, closed
at the bottom by a temporary plug or a loose shoe, is first
driven into the ground. Concrete is then placed in the tube and
the tube is withdrawn; the plug or shoe is left behind and the
concrete passes out at the now open bottom of the tube to fill
the place previously occupied by the tube as the tube moves
out of the way. The essential feature of these methods is that
the concrete is cast-in-place in direct contact with the soil.

As the tube is withdrawn there will be some release of the
stresses that were generated in the soil during driving and if the
concrete is compressed as it is put into place restressing will
result. In the Vibro system the tube is extracted by means of a
hammer which gives it an up-and-down movement that tamps
the outgoing concrete against the walls of the hole, as in Fig.
3.2(a). In the Franki system the tube is driven by an internal
hammer falling onto a quantity of concrete placed in the bottom
of the tube to form a plug. When the tube has been driven to
the required depth the concrete plug is driven out, followed by
the concrete to form the pile which is also driven out and
compacted as the tube is raised. It is possible to form an
enlarged base of compacted concrete by this method as shown
in Fig. 3.2(b). In the Holmpress system the shaft is enlarged
laterally and the soil compressed by driving another displace-
ment tube within the newly placed plastic concrete and filling
the void left on withdrawal with additional concrete, as shown
in Fig. 3.2(¢c).
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F1G. 3.2. Types of cast-in-place piles. (a) the Vibro pile. (b) The Franki pile.
(c) The Holmpress pile, showing the concrete and soil being compressed by the
displacement tube.

Non-displacement piles

Non-displacement piles are formed by removing the soil and
putting the pile in its place. The many variants of this form of

piling may be classified into two types:
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(c) An open-ended tube is forced into the ground until it
reaches the bearing stratum. The soil which enters the
tube is removed and the tube is filled with concrete and
left in position.

(d) A borehole is formed in the ground by a method approp-
riate to the particular type of soil. Concrete is cast-in-
place in the hole, any temporary lining or casing to the
sides of the hole being withdrawn so that the concrete is
left directly in contact with the soil.

Type (c). Piles of type (c) are usually strong steel or
reinforced concrete pipes, the lower end acting as a cutting
edge, so that a core of soil enters the pipe. The soil is generally
removed from the pipe as it is driven to prevent the formation
of a plug, but when passing through soft strata where removal
might cause inflow from the surrounding area, removal of the
core may be delayed until the cutting edge has been sealed into
ground which does not flow. The method admits of a number
of variations in the way the soil is removed, e.g. by grab, by
auger, by compressed air or water ejection, or by a separate
inner liner to the main tube which is lifted out with the core of
soil.

This type of pile possesses many of the advantages of the
prefabricated displacement pile, with the additional merit that
it causes little compression or displacement of the soil. These
properties make it useful for installation near existing struc-
tures and for underpinning, in which case a pile may be built up
by welding short lengths of pipe together as they are driven.
The pipe is filled with concrete after cleaning out, this being
essential if the pile is to function as an end bearing pile. The
pipe itself usually provides a major proportion of the structural
strength.

Type (d). The characteristic feature of piles of type (d) is
that plastic concrete or mortar is cast-in-place against the soil
in a borehole. The many systems differ mainly in the way the
borehole is formed.

A borehole in clay up to about 600 mm in diameter may be
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formed with percussion tools on a rope handled by a simple
tripod and winch, using casing tubes where necessary to
prevent collapse of the sides of the hole. Holes up to 1.5 m
diameter or larger may be taken out by mechanical augers, and
this method is particularly economical in medium and stiff
clays not requiring casing. A grab will operate in most types of
soil; boulders or other obstructions too large for direct handl-
ing may be first broken down with a rock chisel.

Non-cohesive soils below the water table will flow into the
bore-hole through the bottom of the casing due to water
seepage, unless the casing is kept full of water to above the
ground water level and the boring and excavation are carried
out under water.

Care must be taken not to bore below the bottom of the
casing or a cavity of larger diameter than the casing may be
formed by the sides progressively collapsing, the debris being
removed by the boring tool. When the casing is then driven
down, water is trapped in a void around the casing. In a similar
way, when using ‘“‘telescopic’ casing, in which a tube is sunk
as far as possible and a second then sunk within it, on
withdrawing the first tube a water-filled annulus may be left
around the second tube. Water filled voids of this sort may
collapse due to ground vibration, but if they remain, they may
be troublesome when concreting. By filling the borehole with a
drilling mud the sides may be stabilised until it is convenient to
place a casing in the borehole. In some forms of piling the
drilling mud is relied upon to give the entire support and a
casing is not used.

If the pile terminates in sand or gravel considerable skill is
needed to ensure that the soil around the base is not loosened
by inflowing water, as this would impair the bearing capacity
of the pile. If the pile terminates on rock, provision may need
to be made to drill the bottom of the casing tube into the rock,
so that a seal is obtained, enabling the inside to be cleaned out
and the rock surface inspected.

When a borehole is entered for making an inspection or any
other purpose attention must be given to the risks to life that
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are involved, particularly if the hole is not cased. Men must be
lowered in a cage, which may have a removable bottom
permitting egress and it is preferable that the hoist should
lower under power rather than by slipping a brake. Where
there is risk of foul gasses entering the borehole, trials with a
gas detector should be made and ducted fresh air ventilation
should be provided. Reference should be made to Code of
Practice 2011, “‘Safety precautions in the construction of large
diameter boreholes for piling and other purposes”.

When placing the concrete in a bored pile care must be taken
to ensure that it does not arch against the reinforcement or the
sides of the hole thus forming a void. When a casing tube is
used it must be withdrawn in such a way that the concrete runs
out to fill the bore completely. To achieve this a good head of
very workable concrete, of 130 to 150 mm slump, must be
maintained in the casing. In poor work the sides of the hole
may cave in, or the concrete may lift with the casing, forming a
“‘waist’ or even a complete gap in the shaft. If water has been
trapped in a cavity around the casing, then, when the casing
tube is lifted, allowing the concrete to run out, the water may
either be driven back into the ground if it is sufficiently
permeable, or if the ground does not accept the water fast
enough, the water may be forced into the plastic concrete in
the shaft at a somewhat higher level by the pressure of the
outgoing concrete, there to mix with the concrete or form a
water void in the shaft. Where the hole is filled with water or
drilling mud, the concrete must be placed by means of a tremie
pipe. Considerable, skill, honest endeavour and attention to
detail are needed to construct sound piles when casing is used,
particularly in a water-filled hole. It should be borne in mind
that the cost of finding out whether a pile is sound or not may
be comparable with that of making another pile.

In stiff clays it is possible to enlarge the base of a bored pile
either by hand digging or by an auger with blades that spread
outwards to cut into the soil at the sides of the shaft to give a
bell or conical shape as in Fig. 3.3. This process is often called
under-reaming.
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(b) (c)

F1G. 3.3. Cross-sections of the enlarged bases produced by different types of
under-reaming cutters.

Screw piles

By providing a helical blade or a short length of screw thread
at the base, a pile may be screwed into the ground. The shaft
may be solid or hollow with a closed end, or the screw may be

A

(a) (b)

F1G. 3.4. Screw piles. (a) Early pattern with cast iron screw on a shaft about
250 mm diameter. (b) Modern screw-cylinder about 1 m diameter, open at the
bottom, the core being removed as screwing proceeds.
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formed on a tube that is open at the bottom so that the soil
enters and is removed, or the screw head may be detachable,
concrete being placed through a withdrawable tubular shaft to
form a cast-in-place pile shaft. The screw principle must be
regarded, therefore, as essentially a method of installation,
since by this means piles of types (a), (b) or (c) can be formed.
It is common practice for the diameter of the helical screw
blade to be about 3 to S times that of the shaft and to be formed
with 1 to 13 turns only, as shown in Fig. 3.4. Thus, the volume
of soil displaced even with a “solid” shaft may be small in
relation to the large bearing area of the blade. Modern designs
have reinforced concrete tubular shafts up to about 1 m in
diameter, with steel or reinforced concrete helices up to about
3 m diameter. Screw piles are valuable in maritime works since
they can be made to resist upward as well as downward forces.

Pile installation

To describe in detail the various forms of piling equipment
in use would be lengthy and out of keeping with the main
purpose of this book. Each item of piling plant is usually built
to suit a particular process and the ease and economy with
which it will do its work is important to the specialist contrac-
tor in competitive tendering. Certain basic features will be
mentioned, but for more complete descriptions the reader is
referred to Chellis (1961),* Bachus (1961) and to the advertis-
ing literature of specialist contractors.

Drop hammers are widely used for driving piles, the hammer
being lifted on a rope by a winch and allowed to fall onto the
pile head by releasing a clutch on the winding drum, the falling
hammer dragging the rope and reversing the motion of the
drum. Sometimes, for making a driving test, provision is made

* References are given on pp. 199ff.
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for the hammer to be released from the rope by a trigger,
allowing it to fall freely.

Power hammers are operated by steam, compressed air or
internal combustion (diesel). Single acting steam and compres-
sed air hammers are of two types; those in which the cylinder
is held stationary, the hammer being lifted by the piston rod
and then allowed to fall by gravity onto the pile head (Fig. 3.5)
and those in which the piston is held and the cylinder itself
forms the hammer (Fig. 3.6). With double acting hammers the
ram is lifted and also driven downward by steam or compres-
sed air. In the diesel hammer the head of the cylinder forms an
anvil that rests on the head of the pile. The explosion in the
cylinder lifts a heavy free piston and although at the same time

} VPosition of leaders

u'w'
rj,cy..nder

Steam supply g :: |

| |
’ J\‘,\ Piston rod
l ] I |

Cylinder block
slides in leaders

!
:: \iTL\Hammer
! [

Anvil

F1G. 3.5. Falling piston type of steam hammer.
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Operating lever

Exhaust here
Steam inlet
-

——

Steam valve 7

Hand line

Stuffing box

Hollow piston rod

Heavy free cylinder
(guides and lifting
~~_Jugs not shown)

Bottom rod guide End of piston rod
rests on top of
dolly in helmet

FIG. 3.6. Falling cylinder type of steam hammer.

an impulse is given to the pile, it is the piston falling back onto
the anvil which imparts the main blow (Fig. 3.7). The length of
the stroke varies slightly with the driving resistance, being
greatest for hard driving.

Pile driving by vibration has been employed during the last
two decades as an alternative to hammers. In this method the
pile is vibrated in a vertical direction by a unit rigidly con-
nected to the pile head. The vibration is communicated to the
soil immediately around the pile, causing a reduction in shear
strength and the pile sinks into the ground under its own
weight and that of the vibrator unit. The method will be dealt
with in Chapter 5.
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F1G. 3.7. The diesel hammer. (a) To start the hammer the piston B is lifted

with the rope A until released by the automatic trip, C. (b) The falling piston

actuates the fuel pump D and fuel is injected into the cup in the anvil E, the

exhaust ports F are closed and compression occurs. (¢) The piston strikes the

anvil, splashing fuel into the compressed air. (d) The explosion drives the

piston upward; exhaust occurs and air is taken in. (e) The piston falls and the
cycle is repeated. The hammer is stopped by pulling the rope G.

An upright member or pair of members, called leaders are
required with most piling systems of types (a), (b) and (c) to
guide a drop hammer, power hammer or vibrator and to hold
the pile or driven tube in alignment during the initial stages of
pitching and driving. The leaders may be part of a framed
structure supported on a base that carries the winches for
handling the piles into place, operating the hammer and for
lifting concreting skips and other equipment. The base is
mounted on rollers or rail track as in Fig. 3.8. The whole unit is
called a piling “frame”. Frames of this type are commonly
used in harbour and jetty work, but for land use there is
demand for rigs with greater mobility. This is achieved in one
modern design by mounting the leaders on a tracked chassis



e
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FIG. 3.8. On the left, a piling frame mounted on a rail track; on the right,

leaders hanging from a swivel at the top of the jib of a mobile crane.



F1G. 3.9. A B.S.P.-Priestman mobile self-erecting piling rig.
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and supporting them by telescopic backstays, as shown in Fig.
3.9. A more common practice is to hang the leaders from the
top of the jib of a mobile crane, as in Fig. 3.8, the crane
winches being used for the hammer and other work. Leaders
that stand directly on the ground and are held upright by guy
ropes are also used, usually with an attendant crane. The
B.S.P. ““cased pile” can be set in alignment in a simple timber
trestle and the internal drop hammer operated by a crane.

When a pile has to be driven through a bed of sand or sandy
gravel, or the point has to be embedded some distance into
such a bed, the risk of damaging the pile by prolonged heavy
driving can be reduced by ‘“‘jetting’’. In this operation, water is
directed from nozzles at the point of the pile into the soil to
loosen it and make driving easier. The jetting pipe may be
forced down alongside the pile, or a water pipe with nozzles
may be cast in a reinforced concrete pile when it is made. The
former method is often preferred, since a clogged jet can be
pulled up and cleared. Jetting must be stopped some distance
before the pile point reaches its final position and the pile then
driven on, so that the point is finally embedded in soil that has
not been loosened by jetting. Jetting can be used with both
hammer and vibrator driven piles. It is not effective in firm
clays.

If driving is carried out incorrectly, breaking or crushing of
the pile can occur. With timber piles, splitting or ‘“‘brooming”
at the head is obvious evidence of too hard driving, but this can
also occur out of sight at the pile point if driving is continued
after it has reached “‘refusal” in a resistant bed. Steel piles can
be damaged at the head and if overdriven against an obstruc-
tion, the lower end may be crumpled or bent out of the straight.

To prevent damage of the head of a concrete pile by hammer
blows a “‘helmet’ is used, with a layer of packing, often called
a “‘cushion” in contact with the concrete. A ““dolly” of timber
or a plastic, such as nylon, protects the helmet itself. The
arrangement is shown in Fig. 3.10. The common causes of
failure of the concrete at the head of a pile are consolidation of
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Mild steel ,' [} Mild steel
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(a)

FiG. 3.10. Helmet for concrete piles, (a) with plastic dolly; (b) with timber
dolly.

the packing material and uneven placing of the packing on the
pile head. Packing should be examined at regular intervals
(say, every 1000 blows) and renewed if consolidated.

The choice of hammer weight depends on the plant in use,
but with drop hammers and single acting hammers it is
desirable that the weight of the hammer should be at least half
that of the pile. With precast concrete piles it is preferable to
use a hammer with a weight not less than 30 times the weight
of 300 mm of pile in order to limit the driving stresses.

The variety of methods of forming boreholes for piles of
type (d) has been mentioned earlier. Simple tripod rigs, as
shown in Fig. 3.11, are commonly used for piles up to 600 mm
diameter. They are easily handled on weak ground or in low
headroom. A large range of auger plant is available from the
farm tractor mounting to the heavy crane mounted type shown
in Fig. 3.12. In some types of plant, particularly those using
grab equipment for piles up to 1 m diameter, special provision
is made for working with casing tube. The tube is forced down
and extracted by jacks and while it is in the ground it is
continuously given a rotary oscillating motion to maintain it
“free” in the soil.



FI1G. 3.11. A tripod rig forming bored piles in a position with little headroom.



FIG. 3.12. A B.S.P. Calweld large diameter boring rig mounted on a crane.
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The structural strength of piles

Any pile which is preformed must be strong enough to be
put into place in the ground and all piles must be capable of
withstanding the estimated forces brought onto them during
service.

Most Codes of Practice dealing with piling contain recom-
mendations for the quality of the materials and the details of
manufacture of the different kinds of preformed piles. BSI
Code of Practice for Foundations, CP 2004 (1972) covers
timber, precast reinforced concrete, prestressed concrete,
driven cast-in-place, bored cast-in-place and steel piles. Refer-
ence should be made to Saurin (1949) for current practice in
the design of reinforced concrete piles and to Gardner and
New (1961), for prestressed concrete piles.

In the case of precast reinforced concrete piles, with the
exception of free standing piles in jetties, the amount of
longitudinal reinforcement is determined by the bending mo-
ments caused in handling and pitching and this greatly exceeds
what is needed once the pile is in the ground. It is common
British practice to lift piles with a sling attached at two points
and if these points are L /S from the ends of the pile, as in Fig.
3.13, the bending moments will have the smallest value of
+ WL /50, where W is the pile weight and L the pile length. If
the pile is pitched on end by a sling at one point, the bending
moments have the smallest value = WL /22 when the point is
3L /10 from the end. Saurin (1949) suggests that due to the
possibility of mishandling, a value of + WL /18 should be
allowed as the maximum moment, which allowing a factor of
safety of 2} gives a moment of resistance for design purposes
of WL /8. In American practice multiple point slinging is more
common and the amount of longitudinal reinforcement used is
smaller.

The lifting points should be predetermined by casting in eyes
or tubes. With a square section pile a tube through which a pin
can be passed enables a bridle to be used and this will minimise
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FI1G. 3.13. The position of lifting points in reinforced concrete piles, (a) for

lifting and stacking with a two point lift, (b) for pitching upright with a one
point lift.

the risk of the pile being lifted with a diagonal of the section
vertical, the resisting moment in the diagonal direction being
inadequate. When piles are stacked for curing, care must be
taken to place the supports beneath the lifting points.

Lateral reinforcement in the form of hoops is necessary in
both precast R.C. and prestressed concrete piles. To reduce
breakage by hammer at the pile head the volume of lateral
reinforcement should be not less than 0.6 per cent of the gross
volume for a length of about three times the pile width down
the pile. Elsewhere it may be merely nominal, but should be
not less than 0.2 per cent.

A major contribution to the understanding of the stresses in
reinforced concrete piles during driving was that of Glanville,
Grime, Fox and Davies (1938). The transmission of a wave in
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an elastic rod due to a blow at one end had been studied by St.
Venant (1867) and the suggestion that pile driving was of a
similar nature was first made by Isaacs (1931). Glanville et al.
showed experimentally that the hammer impact sent a com-
pression wave down the pile, which was reflected from the
base as a compression or tension wave depending on whether
the base was in contact with a strong support or not (cf. the
reflection of sound waves in an organ pipe). Tension caused in
this manner may occur in a pile when the point is in weak
material, the packing is hard and the hammer rebounds. The
most likely cause of tension cracks in a pile, however, apart
from those caused during handling, is due to transverse
bending, which can occur if there is a long length of pile out of
the ground and the blow is struck eccentrically on the pile head.

Glanville et al. made recommendations for avoiding break-
age in driving due to excessive compressive stresses. The most
favourable driving conditions occur when the heaviest ham-
mer is used, with packing or cushion material of the lowest
stiffness on the pile head, the height of drop of the hammer
being adjusted to give a safe stress in the pile.

Bored piles, being formed in place, are only called upon to
resist the forces occurring during service. Since little is known
about the bending moments actually brought onto a pile
beneath a foundation, there is some divergence of opinion as
to the amount of reinforcement required. In the main, the
forces will be axial and in large diameter piles the reinforce-
ment is often nominal and limited to the upper 6 m.



CHAPTER 4

DRIVING FORMULAE

Introduction

It is natural for anyone driving a stake into the ground to
assume that the effort needed depends on the ‘“‘resistance’ of
the ground. For nearly two centuries engineers have applied
this idea to pile driving and many mathematical expressions
termed ‘“‘driving formulae” or ‘“‘dynamic formulae” have been
devised for calculating the resistance. All driving formulae
owe their existence to the assumption that the driving resis-
tance is equal to the ultimate bearing capacity of the pile under
static loading.

Driving formulae are based on the action of the hammer on
the pile in the last stage of its embedment and it is assumed
that this can be represented by some simple mechanical
principle. No more factors than are necessary for the solution
of the assumed principle are introduced and in no case is the
train of events following the blow fully accounted for. Thus
driving formulae are simple idealisations of a complex event;
how remote from fact they may be will be seen in the following
derivations of some of the more common formulae.

The symbols used in pile driving formulae are well estab-
lished, and will be used in this chapter.

W = weight of the hammer;

P = weight of the pile;

H = height of fall of the hammer;

R = the driving resistance;

s =the set, i.e. the net distance the pile is driven by a blow;
A = cross-sectional area of the pile;

26
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L =length of the pile;
E = Young’s Modulus of the pile.

Formula 1

It is assumed that: :

(a) the hammer and pile may be treated as impinging
particles;

(b) the hammer gives up its entire energy on impact;

(c) on impact a resistance R to the motion of the pile is
immediately generated which remains constant while the
pile moves a distance s.

The available energy of the hammer is WH and the work

done in overcoming the resistance is Rs, so that

WH = Rs 4.1

This is an elementary formula enabling R to be calculated
from measured values of W, H and s. It formed the basis of
the Sanders formula of 1851.

Formula 2

It is assumed that:

(a) and (b) are as in Formula 1;

(c) under the hammer blow the resistance increases to the
value R in an elastic manner as the pile is displaced,
remains constant for further displacement and then falls
to zero in an elastic manner as the pile “‘rebounds’.

The sequence of events is represented by the lines OABC in

the resistance-displacement diagram, Fig. 4.1. The maximum
displacement is OD and the pile rebounds so that its final
displacement is OC, i.e. OC = s. The work done against the
resistance in reaching the displacement OD is represented by
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FiG. 4.1. Resistance—displacement diagram of the pile for one hammer blow.

the area OABD. The area BDC represents elastic energy given
up as the pile rebounds. The hammer has to supply energy to
displace the pile the distance OD, but since the energy of
rebound is dissipated, the energy usefully employed is given
by area OABC. If it is assumed that the lines representing the
initial elastic displacement and the rebound are parallel, then

Total work done = OABD
= OABC + BDC

Thus WH = R(s +¢/2) 4.2)

where ¢ is the elastic displacement of the pile head.

A formula of this type was published by A. M. Wellington in
Engineering News in 1888 and is most usually called the
Engineering News formula. In this formula empirical values in
inches are given to the term c/2, so that for compatibility H
and s are also to be measured in inches.

For drop hammers WH = R(s +1-0)

For single acting steam hammers

Wh=R(s +0-1)
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Formula 3

The assumptions are the same as for Formula 2.

Clearly if the impulse is not great enough to overcome the
driving resistance the hammer will bounce and the pile will not
be driven. Referring to the resistance-displacement diagram,
Fig. 4.1, driving just commences when the hammer provides
energy equivalent to area OAE. If the required height of fall
for this is H,, the hammer energy is WH,.

But OAE = CBD=Rc/?
Therefore WH,= Rc/2

And from Eq. (4.2)
WH = Rs + WH, (4.3)

H, is found in practice by obtaining the sets for different
values of H, plotting the graph of H versus s and finding the
intercept on the H axis of the line drawn through the points, as
in Fig. 4.2.

Drop of hammer

<-H°—I

Set —_—

F1G. 4.2. Plot of hammer drop versus set, to determine H,, the drop at which
driving just begins.
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In Morrison’s formula of 1868 the sets s, and s, for two
heights of drop H, and H, are found, thus:

WH| =RS|+RC/2

WHZ = RSZ + RC/2
and therefore
W(H,— H,;)=R(s,— 52) 4.4)

Formula 4

It is assumed that:

(a) the hammer and pile may be treated as impinging
particles having a coefficient of restitution e and that
Newton’s laws of impact apply;

(b) an energy equation of the form

WH =Rs +U 4.5)

applies to the driving of a pile, where U is the energy
supplied by the hammer not usefully absorbed in ad-
vancing the pile;
(c) the only energy lost is due to impact.
According to Newton, the loss of energy at impact between
two bodies of masses M and m, having velocities V and v is

(1—-e’ )Mm(V —v)?
2(M +m)

Putting M = W/g, m = P|g, V =(2gH)? and v =0, then

(1-e)PWH
(W+P)

U=

Inserting this in Eq. (4.5) gives

WH(W + e’P) _
Wwipy =R (4.6)

An allowance for loss of energy in this manner is made in a
number of formulae.
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If it is assumed that e =0 then

W’H

m = Rs (4.7)

This is the “Dutch”, or Eytelwein’s formula, published
about 1812.

Formula 5§

It is assumed that:
(a) the energy equation WH = Rs + U may be applied;
(b) during the blow the pile is compressed elastically as if it
were a strut under a static load R and the only energy
lost is due to this elastic compression.
The elastic compression of the pile is RL/AE and the elastic
energy is R’L[2AE, so that U = R’L2AE.
Thus
WH = Rs + R’L[2AE (4.8)

This is Weisbach’s formula of about 1850.

Formula 6

It is assumed that:

(a) there is frictional or other loss in the hammer system, so
that the energy actually applied at impact is kWH, where
k is a constant less than 1;

(b) there is loss due to elastic compression of the pile as in
Formula §;

(c) there is loss due to impact as in Formula 4 and this may
be stated empirically.

Thus, according to Janbu (1953) who introduced empirically

derived constants, the energy equation is
kWH R’L

(15+03P/W)_24E T RS (4.9)
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Formula 7

It is assumed that:

(a) there is frictional loss in the hammer system, the energy
at impact being kWH ;

(b) the elastic compression of the pile is that which would
occur if all the available hammer energy were used in
causing the compression, i.e. the elastic compression is
(2kWHL[AE).

Thus kWH = Rs +§(2kWHL |AE)} (4.10)

This was termed the ‘“Danish” formula by Sgrensen and
Hansen (1957).

Formula 8

It is assumed that there are losses of energy

(a) in the hammer system;

(b) due to impact;

(c) due to elastic compression of the pile;

(d) due to elastic compression of the head assembly com-

prising the dolly, helmet and packing;

(e) due to elastic compression of the ground.

Thus if L', A’ and E' are the equivalent length, area and
Young’s Modulus of the head assembly and ¢, is the compres-
sion or quake of the ground, it is assumed that the energy
equation is

(1—-e?) , R°’L |, R’L’ | Rc,
kWH = Rs +kWHP(W+P)+2AE+2A’E’+ >
4.11)

This is Redtenbacher’s “complete” formula of 1859.

RL'

By putting 7%’;: = ¢, and AE =
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substitution in Eq. (4.11) gives

k(W + e*P)W.
(—(W=R[s+%(c(+c,,+cq)] 4.12)

which is Hiley’s formula of 1925. The more usual form of this
formula is R=WHn/(s+c/2), in which n=
k(W+e’P)(W+P)and ¢c =c. +¢, +c,

Formula 9

Formulae of purely empirical type have been devised from
collections of data by engineers experienced in pile driving.

A formula of simple type is that due to Cornfield (1961,
1964), who found that an approximation to within +6 per cent
of the result obtained by Hiley’s driving formula for reinforced
concrete piles was given by the expression

R =0-08W(Q2+ H)(140—L)(1-0—s) (4.13)

where R = ultimate driving resistance in tonf
W = weight of hammer in tonf
H = drop of hammer in feet
L = length of the pile in feet
s = the final set in inches per blow.

The applicability of this formula is limited to reinforced
concrete piles of length 20-80 ft, a hammer drop of 3-5 ft and a
set of not more than 0-33 in per blow, but preferably in the range
5 to 10 blows per inch. The constants apply for a single acting
hammer, timber dolly and a 2-3 in of packing under the helmet.
If a plastic or greenheart dolly is used R should be increased by
about 10 per cent. If a winch operated drop hammer is used, the
drop H should be multiplied by 0-9.
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Formula 10

In all the above formulae, excepting the purely empirical, it
is assumed that a force is generated instantly throughout the
pile on impact, which is incorrect. The work of Glanville,
Grime, Fox and Davies (1938) showed that pile driving was a
phenomenon which depended on the transmission of compres-
sion waves down the pile. In their theoretical examination of
the problem, they assumed the pile to behave like an elastic
rod to which the wave equation

’¢ _E ¢

" pox 4.14)
would apply, where £ is the displacement of an element at a
distance x from the head of the pile at time ¢, E is the Young’s
Modulus and p the density of the pile. The resistance was

(W]

R4
Ky

Rp

Fi1G. 4.3. A pile represented by weights and springs.
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assumed to be entirely at the base of the pile and to be directly
proportional to the base displacement; side friction was neg-
lected and the cap and packing were assumed to behave as an
elastic spring in order to enable an integration of the wave
equation to be performed. The principal interest of Glanville et
al. was in the stresses caused by the blow, but others have
pointed out that the method could be made to serve as the
basis of a driving formula.

Smith (1955, 1962) introduced a versatile method by which
integration of the wave equation by a finite difference ap-
proach was obtained. To perform the calculation the pile is
divided into a number of equal lengths. Each element of length
is then represented by a weight joined to the adjacent weights
by springs. The hammer and cushion are represented by a
weight and spring at the head. Resistances are applied to the
weights to represent the shaft friction and the base resistance.
This system is shown in Fig. 4.3.

The basic equations for the motion and forces for the
general case of weight W,, are

D, =d, +v,At
Cm = Dm - D(m*li
F,. = C,K, (4.15)

Zm=F(m—I)_Fm_Rm
Vi = U + Z.g AtIW,,

where C = spring compression in time interval n

¢ = spring compression in time interval (n — 1)
D = displacement in time interval n

d = displacement in time interval (n — 1)

F =force exerted by spring in time interval n
K = spring constant

R = resistance in time interval n
At = time interval

V = velocity in time interval n

v = velocity in time interval (n — 1)
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W = weight
Z = accelerating force in time interval n
g = acceleration due to gravity

Having established the basic equations, Smith then intro-
duced the soil properties termed “‘quake’ and “‘viscosity’ into
the problem. Referring to the idealised resistance—displace-
ment diagram for the pile element W, given in Fig. 4.4, CD
represents the rebound or quake, which Smith assumes to be
the same for all elements of the pile and which is given the
symbol Q. Assuming OA and CB are parallel, OF = Q and the
maximum value of the soil resistance on element W,, is equal
to Q/K .., where K, is the equivalent ‘““spring constant” of the
soil. If the displacement of the soil is D,,, the displacement of
the pile element relative to the soil will be (D,, — D) and the
resistance of the soil due to this displacement will be K,
(D,, — D). The numerical value of (D,, — D,,) cannot exceed
Q.

The viscous resistance of the soil to the motion of the pile
element is assumed to be proportional to its velocity, so that in
any instant the static resistance would be increased by a
viscous resistance J'v,, where J' is a viscous or ‘‘damping”
constant applicable to the pile shaft.

Resistance

Q —

E Cc D

Displacement —_—

F1G. 4.4. The resistance~displacement diagram for a single element.
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The total resistance on the pile element is thus
R, =K. (D, —D.)(1+J v,)

In the case of the point section, the constant J is used. The
point resistance is thus

R, = Ky(D, —D;)(1+Jv,)

Smith allowed for hysteresis in the compression of the
packing on the pile head by a modification of the equation for
F,. With packing having a coefficient of restitution e

Fi=(K.Ci/e*)—[(1/e*) = 11K ,C max

Where C, .. is the maximum value of C,.

Smith outlined a computer routine whereby the equations
could be solved to give the “‘set” and the stresses in the pile for
a given ultimate resistance. The various quantities entering the
calculation are
The weight of the hammer.

The velocity of the hammer at impact.

The coefficient of restitution of the packing.

The weights and spring constants of the pile elements.
The time interval used in calculation.

The ultimate resistances contributed by the shaft and the

Anbh W=

base.

7. The ground quake and damping factors for the soil.

Equations (4.15) are solved for each of the pile elements
involved (i.e. from m =1 to m = p) for a succession of time
intervals starting with n =0 as the moment the first weight
(i.e. the hammer) travelling with known velocity V, touches
the first spring. Smith recommends that At be taken as 1/3000
or 1/4000 sec and the succession continued until D, passes a
maximum.

Forehand and Reese (1964), following Smith’s suggestions,
examined what values of J, Q and the proportions of the total
resistance carried by the shaft and the base were needed to
obtain correlation with test loadings made on piles. They used
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a series of pile tests for which the relevant data were available
and took in their calculations the following ranges of values:

For sand Q = 1.27 to 5.08 mm
J =0.328 to 0.656 s/m

For clay Q =1.27 to 7.62 mm
J=131to 3.28s/m

The value of J' was arbitrarily taken at J/3.

Their results, although encouraging, showed up the serious
lack of knowledge of the essential parameters needed for this
method of approach.

Smith was careful to point out that the resistance found by
this method was that which existed at the moment of driving.
To obtain the load-bearing capacity of the pile some time
afterwards introduced the unknown effect of the recovery with
time of the soil remoulded and disturbed during driving.

The practical application of driving formulae

It is generally assumed that a driving formula for a drop
hammer may be applied to single acting steam and compressed
air hammers, the weight and drop of the moving part being
taken directly into the formula as W and H. Friction of the
piston and back pressure of the exhaust cause loss of energy,
which may be covered by an appropriate empirical value of k,
so that the available energy per blow is kWH. Experience
shows in the case of double-acting hammers, which deliver
blows in rapid succession, that the penetration per blow
depends on the number of blows per minute. It is therefore
essential that the manufacturer’s rated energy per blow at the
speed of operation when taking the “set” is used in the driving
formula in place of kWH.

In the case of diesel hammers, the manufacturer’s rated
energy per blow corresponding to the stroke of the hammer
when taking the set may be used in place of k\WH in a driving
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formula. When this information is not available, correlation
with a drop hammer may be obtained by driving a pile partly
by one hammer and then changing to the other and observing
the pattern of the curve of blows per unit distance of penetra-
tion versus the pile penetration. In Fig. 4.5 the unit of distance
for each blow count is 250 mm, and from this curve values of
the ratio of the number of blows per 250 mm by drop hammer
to the number of blows per 250 mm by diesel hammer in each
soil bed may be found. Thus, using this ratio for other similar

Number of blows /250 mm
0 10 20 30 40 50

T T T T

Drop hammer

751

X " Diesel
10-0F 3T
- 4
| %
Drop
12-5

h ‘;\ Diesel

Drop

Penetration, m

17'5L

FiG. 4.5. Comparison of the driving records of diesel and drop hammers on
the same pile. Three different beds are encountered, giving three comparison
ratios x,/x,, xs/xs and xs/xe.
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piles driven with the same diesel hammer on the same site, the
equivalent drop-hammer blow-count can be calculated, enabl-
ing a driving formula intended for drop hammers to be used for
the diesel hammer.

The movement of the pile head when struck by the hammer
may be determined by means of the apparatus shown in Fig.
4.6(a). A piece of card is fixed to the pile at a convenient height
and a straight edge is supported close to the card on stakes set

P Card held by clamps,
| — or paper stuck to
face of pile

Straight edge

Elastic rebound —

Card

| —

(b)

F1G. 4.6. (a) Apparatus for measuring the movement of the pile relative to the
ground. A pencil is drawn steadily along the straight edge as the blows are
struck. (b) Trace produced on the card for three successive blows.
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about 1.20 m from the pile. By drawing a pencil steadily along
the straight edge to make a line on the card as a series of blows
is struck, a trace is obtained, as shown in Fig. 4.6(b) recording
the set s and the sum of the temporary compression of the pile
and the ground (c, + ¢,). By this method the compression in
the length of the pile above the card is unaccounted for;
generally it is small enough to be neglected.

The temporary compression in the helmet assembly c.
cannot be determined by field measurements, but may be
estimated by first assuming a value for the ultimate driving
resistance and calculating the driving stress on the cross-
sectional area of the pile and assuming that the packing and
dolly, which are the compressible parts of the head assembly,
are stressed to this value.

Their compressions may be obtained from Fig. 4.7, which is
compiled from data given in Civil Engineering Code of Practice
No. 4 (1954) Foundations and B.S.P. Pocket Book, issued by
the British Steel Piling Co. Ltd. The compression of a com-
plete head assembly consisting of dolly, helmet and packing is
given by the sum of the ordinates to curves A and B at the
calculated driving stress.

8 >

6 // —
A
E 4 ~ /////
2 —
L c—
L]
T
% 2 6 8 10 12 14 16

Driving stress, MN/m?

F1G. 4.7. Graph for estimating empirically the compression of the dolly and
packing. A, 75 mm packing under the helmet on a concrete pile. B, Helmet with
dolly on a concrete or steel pile. C, 25 mm pad only on a concrete pile.
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Empirical values of e, the coefficient of restitution, and of k,
the hammer coefficient, are given in Tables 4.1 and 4.2, which
have been taken from B.S.P. Pocket Book.

The value of H for the blows for which the set is taken
should be measured on a suitable scale, and not estimated ‘‘by

L2}

eye”.

TABLE 4.1
VALUESOF e
Drop, Double-
Type of Head condition single-acting acting
pile or diesel hammers
hammers

Reinforced Helmet with composite plastic
concrete or greenheart dolly and

packing on top of pile 04 0-5

Helmet with timber dolly,}

and packing on top of pile 0-25 0-4

Hammer direct on pile with

pad only — 0.5
Steel Driving cap with standard

plastic or greenheart dolly 0.5 0.5

Driving cap with timber dollyt 0.3 0-3

Hammer direct on pile — 0-5
Timber Hammer direct on pile 0.25 04

1 Not greenheart.
TABLE 4.2
HAMMER COEFFICIENT k
Hammer k
Drop hammer operated by a trigger release 1-0

Drop hammer operated by releasing the
winch clutch and overhauling the rope 0-8

Single-acting steam or compressed air hammer | 0-9
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The limitations of driving formulae

The assumptions and omissions made in creating Formulae 1
to 9 pay little regard to the actual forces and motions occurring
during driving a real pile, or to the nature of the soil and its
behaviour. For example, the assumption that the impact of a
hammer on a pile is a problem to which Newton’s laws may be
applied in a simple manner is an over-simplification, since the
idea of instantaneous impulse that is implied assumes an
infinite force acting for a period which is infinitely short, so
that the effect of ordinary finite forces acting on the impinging
“particles” may be neglected. In pile driving the purpose of a
cushion is to extend the impact period as far as possible in
order to reduce the force on the head to a value that will not
damage the pile, so bringing it into the same finite order as the
resisting forces on the pile. There is also over-simplification in
assuming that the dynamic resistance can be appropriately
expressed by a single force in a simple energy formula and that
the calculation of an energy correction for the elastic compres-
sion of the pile can be made as if the loading were static.
Finally, there is no basis at all for assuming that the dynamic
resistance is equal to the static load bearing capacity.

Although a formula based on the wave equation shows
promise, since it meets many theoretical objections, its practi-
cal value is seriously limited by lack of precise information
about quake, the viscous soil resistance, the distribution of
resistance down the shaft and the proportions contributed by
the shaft and the base to the total resistance. One obstacle to
its use, of course, is that an electrical computer is required to
produce an answer, so that the formula is at present largely of
academic interest, although it has been used for checking
practical pile driving problems.

Hiley’s formula is used in Britain more than any other;
variants of the Engineering News formula are most commonly
used in the United States, and other countries have other
preferences. Of the simple formulae, the one termed Formula
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3 has a directness of approach which warrants greater atten-
tion than it has hitherto received.

No formula, however impressive, can overcome the errors
inherent in the assumptions from which it is derived, yet
although these assumptions will not bear rigorous examina-
tion, many engineers continue to use one or other of the
formulae, because they are easy to apply under site conditions
and give a result cheaply and quickly.

The acceptability of any formula can be best examined by
comparing ultimate bearing capacities derived by it with those
determined by loading tests. Terzaghi (1942) did this with data
from tests on 39 timber, concrete and steel piles using seven
different formulae. He found that the ratio u of the real load to
the computed load covered the range 0-25 to 4-0, that the range
varied for different formulae applied to the same data and that
the same formula was not necessarily “good” for timber,
concrete and steel piles. Others have made similar collections
of data and have assessed the relative merits of different
formulae by statistical analysis. Sgrensen and Hansen (1957)
used a collection of 78 test results with the Eytelwein, Hiley,
Janbu and Danish formulae and also a numerical integration of
the wave equation. Agerschou (1962) used 171 test results with
the Engineering News, Weisbach and Danish formulae. These
authors found that log u followed an approximately normal
(Gaussian) distribution, and presented their results as probabil-
ity graphs, with abscissae log 4 and ordinates a normal proba-
bility scale. For each formula, at a given value of log u the
ordinate represented the percentage of tests having log u
values smaller than or equal to that value of log u. From these
graphs can be obtained the values of log u at which 23 per cent
of tests would give lower values of log u, and also the values of
log i at which 2} per cent of tests would give higher values of
log u. The range of log u covered by the central 95 per cent of
tests is a measure of the reliability of the formula. The lower
and upper limits and the range for the central 95 per cent are
given in Table 4.3 for the various formulae. The ranges show
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TABLE 4.3
Value of log F
Median

Author Formula at at value at at
lower |upper | 95% of p | lower | lower

239, | 24% | range 2. | 5%
limit limit limit | limit

Serensen Eytelwein | —0-83 | 0-36 1-19 0-81 6-7 5-0

and Hiley —0-14 1042 | 0-56 1-40 1-4 13

Hansen Janbu —-37 1017 0-54 0-98 2:3 20

Danish —0-33 |0-24 | 0-57 0-98 21 1-8

Wave —0-41 |0-16 0-57 0-90 26 21

equation

Agerschou |Engineer- | —0-70 | 0-70 1-40 | 0-60 50 45

ing News
Weisbach | —0-39 | 0-34 0-73 0-75 25 2-4
Danish —0-34 [0-:23 0-57 0-90 22 20

that the Eytelwein and Engineering News formulae have poor
reliability compared with the others. There is nothing to
choose between the Hiley, Janbu and Danish formulae, while
the Weisbach formula is a little less reliable.

Where the median value of u for any formula is not equal to
1 the formula is biased. In the case of Hiley’s formula the
values of log u given in Table 4.3 at both upper and lower 23
per cent limits are higher than for other formulae of compara-
ble range. If the median value of u in Hiley’s formula is
brought to 1-0 and the limit values of log u adjusted, the value
of u at the lower 25 per cent limit becomes —0-28 which
corresponds more closely with the other formulae.

It is often claimed by practising engineers that within a
limited context of pile and soil type, some particular driving
formula may rank as ‘“good”. The Engineering News formula
for timber piles and the Hiley formula for concrete piles are
examples of this. When assessing a situation and making a
decision to use a particular formula the engineer is applying a
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personal skill which is the outcome of experience. The un-
selective statistical appraisal given above must be adopted in
circumstances where experience is not available.

When driving a pile into a soil which dilates when disturbed,
a negative pore-water pressure may be generated, with an
accompanying temporary increase in the shear strength. If
driving is stopped, the pore pressure is restored and the
resistance, when driving is recommended, will be found to
have dropped. On the other hand, driving a pile into clay
generally causes an increased pore-water pressure which dissi-
pates during a pause in driving, the soil gradually increasing in
shear strength, so that on redriving the resistance is found to
have increased. This is called “‘take up’ of the pile. In most
clays the permeability is too low to permit complete dissipa-
tion of pore pressures within a few hours and the resistance to
driving can continue to increase for months. When redriving
following a pause shows decreased resistance, however, it is
prudent to make loading tests rather than place reliance on a
driving formula.

Most driving formulae pay no regard to the nature of the
soil, yet it is well known that no formula can be used with
uniformly satisfactory results and that better agreement with
test loads is obtained for piles which are end-bearing in sand or
gravel than for friction piles in clay. Engineers with experience
of pile driving in a particular area make modifications to
formulae to obtain greater reliability, or work by some rule-of-
thumb. Where piles have been driven on a site and loading
tests have been made, comparison of the ultimate bearing
capacity found by test with that derived from a chosen formula
enables a correction coefficient to be established, which is then
used with the formula for further piles driven on the site in the
same soil conditions, to give some improvement in the accu-
racy of the calculation. A driving formula is of most practical
use as a control where the ground conditions are substantially
uniform to ensure that piles of one kind are driven to approxi-
mately the same resistance, within the limits of length decided
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upon from the site investigation results. A simple record of
blow-count per foot of penetration is, of course, valuable for
indicating contact with a resistant bed.

Taking the many considerations into account, the following
general principles should be observed when using driving
formulae:

1.

2.

If possible, avoid using a driving formula except for piles
that are to be end bearing in sand or gravel.

Use a formula that gives a small scatter of the ratio of real
ultimate bearing capacity to computed ultimate bearing
capacity for the particular type of pile.

. Use the simplest formula that meets (2) above. There is

no merit in complication if it does not produce reliable
results.

Carry out test loadings and apply a correction coefficient
to the formula. The coefficient will depend upon the soil
conditions, the type and size of pile, the driving equip-
ment and its operator. A change in any one of these
factors will affect the coefficient.

. Use a factor of safety that is realistic, bearing in mind the

anticipated error in the computed ultimate bearing capac-
ity particularly if loading tests are not made to obtain a
correction coefficient.



CHAPTER 5§
PILE DRIVING BY VIBRATION

Introduction

From about 1935 Russian engineers have been developing
methods of pile driving by vibration and a description of the
Russian achievements given by D. D. Barkan to the Interna-
tional Society of Soil Mechanics and Foundation Engineering
in London in 1957 attracted a great deal of attention, since
many engineers were previously unaware of the practical
possibilities of the method.

Vibratory pile drivers operate by transmitting vibrations of
the requisite frequency and amplitude in the direction of the
length of the pile, whereby the resistance of the soil to
penetration is reduced and the pile sinks into the ground under
the combined weight of the driver and the pile, or with the aid
of a surcharging load or a rope pull-down.

Basically, a typical vibrator of the original Russian pattern
consists of a case containing a pair of axles geared together to
rotate at equal speed in opposite directions. The axles carry
eccentric weights and are driven by an electric motor mounted
on the case, as shown diagrammatically in Fig. 5.1. Hydraulic
clamps at the bottom of the case provide an attachment to the
head of the pile. In later designs the motors are enclosed inside
the case and the eccentric weights are mounted directly on the
motor shafts. In large vibrators more than one pair of axles
carrying eccentrics are used.

In the type of vibrator employing surcharge, the vibrator
unit is rigidly attached to the pile and the driving motor and
additional weights are supported on springs, so that they do
not vibrate, but provide a static load, as shown in Fig. 5.2.

48
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Driving motor
Chain or

g‘ belt drive
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F1G.5.1. Two-axle vibrator with the driving motor mounted on the case.

Sprung mass

/

F1G. 5.2. Vibrator with the driving motor and surcharging load supported on

springs.
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Russian vibrators have been made of different weights and
frequencies to cover a range of duties. For driving steel sheet
piles, open ended tubes and H section bearing piles, frequen-
cies in the order of 12 to 25 Hz are used. For heavy piles with
large point resistance, such as reinforced concrete piles and
large diameter tubes, lower frequencies, in the order of 5 to
10 Hz are used. The amplitude of vibration to achieve effective
driving ranges from 2 to 20 mm depending on the type of pile to
be driven and the nature of the soil.

The successful use of vibration for pile driving by Russian
engineers has led to the development of vibrators in other
countries. Vibrators made by German manufacturers are simi-
lar in principle to the Russian pattern and operate at frequen-
cies from about 16 to about 39 Hz. Figure 5.3 shows a Muller
MS-26D vibrator driving steel sheet piling at a site in Britain.
In this model the eccentric weights are mounted direct on the
motor shafts within the case.

Hydraulic vibrators employing a reciprocating piston fed
with oil at high pressure have been developed and the British
Steel Piling variable frequency vibrator is of this type. In this
model the piston rod extends through the vibrator body, with a
suspension unit attaching it to the crane rope at the top and a
hydraulic grip for the pile head at the bottom. Oil at
27,000 kN/m’ pressure is delivered from a 179 kW pack and an
electronically controlled servo valve feeds the actuator. The
frequency can be varied between 10 and 120 Hz, with amp-
litudes up to 25 mm.

Vibrators have been used in Britain chiefly for driving and
extracting steel sheet piling and casing tubes for large diameter
bored piles. They are particularly useful for the latter kind of
work, since the vibration also assists the compaction of the
concrete and reduces the risk of ‘““waisting” or the formation of
gaps in the shaft during extraction of the casing.
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The theory of vibration driving

In Russia the theory of vibration pile driving has followed
two lines of approach. Barkan, during the period 1935 to 1953,
studied the effect of vibration on the internal friction in sands
and found that under vibration the particles acquired mobility.
He was able to reduce the problem of vibratory pile driving to
that of the motion of a body in a viscous medium. On the other
hand, Neimark (1953) and other workers showed that it was
possible to develop a theory based on the reduction of static
friction due to the effect of vibration. As an illustration of this
principle, consider a body of weight X resting on a horizontal
surface. The force required to cause it to slide must exceed the
static friction, uX, between the body and the surface, where u
is the coefficient of friction. If the body is vibrated by an
oscillatory force which is greater than wX, the frictional
restraint is destroyed and a small steadily applied force will
move the vibrating body across the surface. This principle, it is
claimed, may be used to overcome the skin friction of a pile.

Savinov and Luskin (1960) say that Barkan’s approach fails
to explain certain experimental facts, while that of Neimark
and other authors takes no account of the change in the
properties of the soil when subjected to vibration.

In a simple two axle vibrator the horizontal components of
the centrifugal force of the two rotating eccentric weights,
being equal and opposed, produce no external effect. The
vertical components of the centrifugal force produce the
exciting force of the vibrator, which has a maximum value, F,,
given by the expression

Fo= Wre?lg a1

where W = the sum of the two eccentric weights;
=the distance of each weight from its axis of
rotation;
w = the speed of rotation in radians/sec.
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If P is the total weight of the vibrator and the pile that is
rigidly attached to it, then it can be shown that the maximum
amplitude, ao, when the system is vibrating without restraint is
given by the expression

a,= Wr(P 5.2

According to Neimark (1953), the amplitude of vibration of a
pile may be determined by the approximate expression

a= %‘,’—’ [1 — (4R |7wF)*F (5.3)

where a = the amplitude of vibration;
R = the resistance due to skin friction of the pile.

It is seen from Eq. (5.3) that when R is considerably less
than F,, so that R/F,—0, then a approaches the value
Wr/P = Ao.

When the frictional resistance is overcome and the pile slips
in the soil, it is found in practice that the amplitude is about the
same as that of a pile vibrating without restraint.

Savinov and Luskin (1960) recommend that when driving a
given pile into a given soil, using a vibrator of the Russian
pattern, the following basic conditions should be satisfied:

1. The exciting force, F,, must be large enough to overcome
the skin friction on the pile, to enable the pile to reach the
required depth of penetration.

2. The amplitude must be close to that at which free
oscillation of the pile in the soil will occur.

3. The external force on the vibrating system must be great
enough to give the necessary rate of penetration. If the
total weight of the pile and vibrator (i.e. the external
force) is inadequate, a surcharging load may be added,
this load being supported on springs so that it is not part
of the vibrating body, although its weight acts on the pile.

In vibrators which employ additional loads supported on
springs, the best results are obtained when the vibrating part
weighs as little and the added load as much as possible. The



FIG.5.3. A B.S.P.-Muller MS-26D vibrator driving pairs of Frodingham section
4 steel sheet piling.
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FIG. 5.4. The resonant pile driver installing a 355 mm (14 in.) diameter steel
tube.
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natural frequency of the additional load on its springs should
be considerably lower than the frequency of the vibrator. In
these conditions the load itself has negligible vibration.

If instead of a surcharging load a rope is attached to the
sprung platform of the vibrator, a pull-down on the pile can be
obtained by making use of the weight of the piling rig or crane
to provide the reaction. When extracting piles, the vibrator is
slung from a crane hook as shown in Fig. 5.3 and a steady
upward pull is applied through springs.

Savinov and Luskin (1960) give tables of empirical values of
skin friction, recommended amplitude and point pressure for
calculating the parameters of vibrators for driving different
types of piles into various kinds of soil, based on the principles
outlined above.

Even when the skin friction on the shaft has been overcome,
it is necessary with piles which have appreciable point resis-
tance for the amplitude of the vibration to be large enough to
overcome the point resistance by percussive action in dry
soils, or as a result of liquefaction in saturated soils. It must be
noted, however, that high point resistance is overcome only
with difficulty, and because of this, according to Barkan (1957),
the use of vibrators for driving bearing piles is of limited
application, although he claims that vibration combined with
jetting will be widely used in future.

Experience in Britain with German vibrators shows that
they are satisfactory for work in soft clays, sands and gravels
and they have been used in weathered Keuper marl. They do
not operate successfully in stiff clay.

In contrast with vibrators having frequencies up to about
40 Hz, a vibrator invented by A. Bodine in America is designed
to operate at the resonant frequency of the pile at its funda-
mental mode of vibration, or in the case of a long pile, at the
frequency of some higher harmonic. The vibrator, which is
termed a resonant pile driver, is shown in Fig. 5.4. It uses two
370 kW engines, the total weight with engines being about
10,160 kg. The frequency range is about 60 to 130 Hz.



54 THE DESIGN OF PILED FOUNDATIONS

The resonant pile driver developed and operated by G.K.N.
Foundations Ltd. in Britain will drive steel sheet piles and
tubes very rapidly in granular soils and will also drive into
clays. At a site in Yorkshire a 355 mm steel tube was driven
with a detachable shoe to form cast-in-place piles through 7-6
to 10-7 m of firm laminated clay of shear strength 47-9 to 86-2
kN/m® and 4-6 to 6 m of sandy silt of Standard Penetration
Test N =30 to 35 into compact sand of Standard Penetration
Test N = 50. Driving normally took 2} to 3; min. The Standard
Penetration Test will be dealt with in Chapter 6.

The natural frequency, f, of a pile of length L when
vibrating longitudinally in its fundamental mode is given by

f=v/2L

where v is the speed of sound in the pile material. For steel
v = 5020 m/s, so that in a free condition a steel pile 24-5 m long
would have a fundamental resonant frequency of 103 Hz.
When the pile is held for driving, the effective pile length is
increased and the resulting resonant frequency is therefore
slightly reduced.

Rockefeller (1967) has analysed resonant and non-resonant
power systems with particular reference to the Bodine reson-
ant pile driver. He considered the pile to be a series of masses
joined by springs, each mass being subjected to both elastic
and damping (i.e. viscous) forces, after the manner of the
analysis made by Smith (1962) of a pile driven by impact. The
analysis was limited by the same problems that were present in
Smith’s analysis, namely the lack of information about the
dynamic soil parameters entering the calculations.

General comment
In practice the decision to use a vibrator, and the choice of

the particular vibrator for a given job has in most cases been
largely a matter for trial and error, since the soil parameters
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cannot usually be defined with the accuracy necessary for
assessment by calculation. Often a vibrator may be brought to
a site to overcome a specific problem, as for example where
casing tubes or sheet piling are difficult to extract by normal
apparatus. This experience often leads the engineer to experi-
ment with further uses of vibration.

Vibratory impact drivers

If the vibrator were not rigidly attached to the pile head it
would bounce up and down giving blows to the pile at a
frequency dependent on many factors. By connecting the
vibrator to the pile by springs as shown diagramatically in Fig.
5.5, the blows may be controlled so that they are delivered at
the same, one half, or some other fraction of the frequency of
the vibrator.

Rotating
eccentric weights
~
/Case

Ha7mer

~ 7
Anvil

N Helmet rigidly

clamped to pile
Pile

FI1G. 5.5. Diagram of the vibratory impact driver. The vibrator bounces up and
down, giving blows to the pile.
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Using this principle, Russian engineers have developed
vibratory impact drivers which have been described by
Smorodinov et al. (1967). Modern piling plant in Russia is
commonly driven by electricity and it seems that the develop-
ment of vibratory impact machines has been influenced by the
availability of electric power on Russian construction sites.

Beneath the case of the vibrator is a spherically faced
hammer which impinges on an anvil on the pile. The springs
supporting the vibrator may be adjusted so that when at rest
the hammer is clear of the anvil, just in contact, or pulled down
onto the anvil, and the performance of the driver depends on
this adjustment and on the stiffness of the springs.

According to Smorodinov et al. (1967) Russian vibratory
impact drivers (‘“Vibro hammers”’) vary in weight from 150 to
2300 kgf; frequencies of impact are from 480 to
1450 blows/min and the power of the motors from 2 to 28 kW.
With a pile having large point resistance an impact frequency
of 400 to 750 blows/min is most suitable. Because the vibrator
has, in fact, become a hammer, its effectiveness depends on
the ratio of its weight to that of the pile. For lightweight piles
the ratio of vibrator weight to pile weight is normally 1:1, for
reinforced concrete piles, it is not less than 1:2. In its present
state of development the vibratory impact driver is chiefly of
use for rods, probes, timber piles and small concrete piles.



CHAPTER 6

THE CALCULATION OF THE
ULTIMATE BEARING CAPACITY
OF A PILE FROM SOIL
PROPERTIES

Introduction

The calculation of the ultimate bearing capacity of a pile
from measured soil properties is a logical step in the applica-
tion of the principles of soil mechanics to piled foundations
and the efforts of engineers in this direction have resulted in a
number of ‘‘static’’ formulae, so called by comparison with the
“dynamic” formulae considered in Chapter 4.

The following factors are responsible for the load-carrying
ability of a pile:

1. As the base, or point, of a pile is pressed downward by a
load on the head, the soil immediately below and to the
sides of the base must be pushed aside. The soil offers a
resistance to the shearing action which such a movement
entails.

2. Downward movement of the pile relative to the soil
surrounding it causes the mobilisation of tangential
forces on the shaft surface that oppose motion. These
forces are due both to adhesion and to the friction of the
soil on the shaft surface.

3. The pile takes the place of a certain volume of soil, the
weight of which was previously carried by the soil below
the base of the pile. If the depth of the base is D and the
average density of the soil in this depth is y, then each

57
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unit area in the horizontal plane at the level of the pile
base was supporting a pressure of yD in equilibrium
before the pile was introduced. If the pressure on the soil
beneath the base of the pile is greater than ¥D when the
pile is in place, then the additional pressure on the soil
beneath the base must be taken in the manner described
in 1.

Taking these three factors into account, the ultimate bearing

capacity of the pile is generally assumed to be reached when

P. + W —yDA, = f.A; + quAs 6.1

where P, = the applied load at ultimate bearing capacity;

W = the weight of the pile;

f. = the ultimate value of the tangential force per unit
area of the shaft due to adhesion and skin friction;

gn. = the ultimate value of the net resistance per unit
area of the base due to the shearing strength of the
soil;

A, = the area of the shaft;

A, = the area of the base of the pile.

(Observe the changed notation which will be used in this and
further chapters.)

The left-hand side of Eq. (6.1) is the net load to be
supported. The term yDA, represents the load of soil previ-
ously carried on the base that has been replaced by the weight
of the pile, so the base resistance per unit area is the net
ultimate resistance. Where the volumes of soil removed and
pile installed are equal it is convenient to think of this as a
buoyancy effect, but in the case of a bored pile with an
enlarged base the volume of concrete placed will be less than
DA,. It is unfortunate that in some formulae for the calculation
of bearing capacity it is not made clear whether the gross or
the net effect is determined. This point is considered later.

Very often both W and the term yDA, are neglected, or
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they are assumed to be equal. Equation (6.1) then becomes
Pu = qus + qnuAb (6.2)

The values given to g.. and f. may be found experimentally,
or calculated from measured soil properties, or may have their
origin in rule of thumb.

The approach outlined above forms the starting point of
almost all static pile formulae, since with hardly any exception
it is assumed that the components of resistance may be
separately evaluated and that the sum of their ultimate values
gives the ultimate bearing capacity of the pile.

The analytical problem presented by a pile installed in real
soil and then subjected to loading is one of extreme complex-
ity. In the attempts to find solutions suitable for practical
design purposes, simplified pile-soil systems having limited
and arbitrary properties have been posed, and the resulting
“models” often bear only slight resemblance to reality. For
example, it is implicit in most formulae that the pile is created
in position without affecting the soil in which it is placed. Very
little is known experimentally about the distribution and
magnitude of the soil and pore water pressures on the shaft
and on the base, or in the soil when a pile is first installed and
during the period prior to loading when the changes causing
“take up”’ occur. Similarly, the changes which take place as the
pile is progressively loaded until it penetrates further into the
ground are almost unknown.

This lack of knowledge of many of the phenomena which
form the very essence of pile behaviour precludes the creation
of a formula based on reality. With the advance of knowledge
in a general way about soil properties, engineers are better able
to appreciate the dangers of undue simplification and the
limited applicability and approximate nature of formulae.
Clearly, the more factors known to influence pile behaviour
that can be evaluated and brought within the compass of a
“formula” the greater the potentiality of that formula for
dealing with a variety of circumstances.
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Early formulae

In the second half of the nineteenth century when engineers
were attempting to solve problems by the use of applied
mechanics, the ‘““soil”” considered was idealised as a uniform,
dry, granular material. The facts that the granular soils like
sand could compact or dilate and were often saturated, were
not taken into account, while the quite different properties
possessed by clay were generally ignored.

Rankine’s theory of conjugate stresses for a material having
internal friction formed the starting point of some bearing
capacity theories. According to Rankine, if o, and o are the
conjugate major and minor principle stresses when the state of
plastic equilibrium is reached in a soil with an angle of internal
friction ¢ then

o _l+sing

oy 1—sing 6.3)

According to Paton (1895), who applied Rankin’s theory of
conjugate stresses to obtain a solution for the bearing capacity
of a pile, the horizontal pressure on the pile shaft at a depth D
in soil of density y will be between the values

(1 +sin ¢) (1 —sin¢)
YPiSsine) 2™ "PiTsing)’

depending on whether yD is the minor or the major principle
stress. If the lower value is taken for safety, the average
pressure on a shaft of length L will be

yL (1 —sin ¢)
2(1 +sin ¢)

and the total pressure will be

L —sing)

2(1 +sin ¢) As,

where A; is the surface area of the shaft. If the coefficient of
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friction of the soil on the shaft is u, the total skin friction
which could be developed at the shaft surface is

pyL( —sin¢) ,

2(1 +sin ¢) * 64)

To obtain the ultimate bearing capacity of the base, the
equilibrium conditions of the two small elements of soil B and
C in Fig. 6.1 are determined. When the pile base reaches its
ultimate bearing capacity, the element B has a vertical pres-
sure q.. If the horizontal pressure between B and C is p, then

qu_(1+sing)
p (1-—sing)
g. being assumed to be the major principal stress.
At C, if the element is in equilibrium under a major principal
stress p and the vertical stress yL, then

p _(1+sing)
yL (1 —sin ¢)

i

F1G. 6.1. The stresses on elemental cubes of soil at the base of a pile.
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Thus

(1+sin¢)
A=Y —sinpy ©6-3)

The total load P. which may be supported by the pile is thus

JLU=sing) ,  , (+sing)” (o

P. = Y2(1 +sin ) (1 —sin ¢ )’

where A, is the area of the base.

Other engineers also developed expressions for the bearing
capacity of piles in terms of ¢, but none gave results that could
be relied on when applied to practical cases, and the early
“static”” formulae fell into disrepute.

The principal source of error was in the value given to ¢. At
this period most engineers thought of each soil, whether sand
or clay, as having an ‘“‘angle of repose’ that was considered to
be the same as Rankine’s ¢. Soils would be identified by
observation and an appropriate value of ¢ allocated from an
accepted set of values then current. Very little was understood
about the real nature of “‘internal friction” or of its measure-
ment for use in calculations.

Recent formulae

Various theoretical solutions were proposed for the two
dimensional problem of the bearing capacity of a shallow strip
footing from about 1934 onward, Terzaghi’s solution published
in 1943 being well known. Terzaghi assumed that failure was
the result of the shearing and upward heaving of the soil at
each side of the foundation, as in Fig. 6.2, and he extended his
solution to square and circular shallow foundations by intro-
ducing coefficients derived empirically.

For a circular foundation near the surface, Terzaghi gives

. = 13¢N. + yDN, +0-6 2

> YN, (6.7)
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FIG. 6.2. The zones of shear beneath a shallow foundation according to
Terzaghi. A, zone of elastic equilibrium; B, zones of radial shear; C, zones of
passive shear.

where q. = the ultimate bearing capacity per unit area
(the gross value in this case)
¢ = the cohesion of the soil
D = the depth of the foundation
B = the breadth of the foundation
vy = the density of the soil
N., N, and N, = bearing capacity factors which are depen-
dent only on ¢, the angle of internal friction
of the soil.

Terzaghi discussed the mechanism of pile behaviour and
indicated the factors contributing to the resistance of the base.
Thus in Fig. 6.3 the downward movement of the base AB
causes soil to be displaced outward and upward. This is resisted
not only by the weight of an annulus of soil represented in
cross-section by CDEF, but also by shear forces opposing
upward movement of the annulus along its outer surface CF
and DE and on the surface of the pile shaft.

Terzaghi did not pursue a solution for this model, because of
uncertainty about the distribution and values of the shear
forces in the soil and at the shaft surface. For practical design
purposes Terzaghi and Peck (1967) suggest that for piles
driven through compressible material to a firm base, the base
resistance should be calculated from Eq. (6.7). The shaft
resistance should be taken as f,A;, where f,, the average
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F1G. 6.3. Diagram showing the shear forces resisting heaving of the soil at the
base of a pier or pile, according to Terzaghi.

ultimate skin friction per unit area, should be determined by
experiment.

Solutions have been put forward for the base resistance of a
pile using Terzaghi’s suggestion that a surcharge effect exists
due to the frictional resistance on the shaft, but none have
come into practical use for lack of adequate knowledge of the
stress field around a pile and the consequent reliance on
assumptions.

Berezantzev, Krisoforov and Golubkov (1961) postulated a
mechanism for a driven pile in a granular soil in which the
zones of shear, when failure at the base is reached, do not
progress above the level of the base, and found solutions for
the stress field by the theory of limit equilibrium in a granular
medium (Berezantzev, 1952). The surcharge p, at the level of
the base is taken as the weight of an annulus of soil of certain
radius surrounding the pile, less the friction on the outer
vertical surface of this annulus. The average value of p,=
arypD, where ar is a coefficient depending on D/B as well as
on ¢ and vy is the value of y at depth D. The ultimate bearing
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capacity per unit area of the base is given by
qu = AvyB + BraryoD (6.8)

The radius of the annulus of soil and the lateral soil pressure
on its outer surface and the values of the coefficients in Eq.
(6.8) are calculated from the theory of limit equilibrium in a
granular medium.

The failure mechanism for the base of a deep foundation
used by Meyerhof (1951) in his general theory of bearing
capacity, provides a working basis for explaining some of the
known phenomena in pile behaviour. Meyerhof assumes a
system of shear zones as in Fig. 6.4 for the case of a deep
foundation with rough surfaces. Below the base is a central
zone ABC which remains in an elastic state of equilibrium and
acts as part of the foundation; on each side of this zone there
are two plastic zones ACD and BCE (i.e. zones of radial
shear) and two zones of plane or mixed shear, DAF and EBG.

4

A B

C

FI1G. 6.4. The zones of shear around the base of a pile, according to Meyerhof.
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Meyerhof expressed the base resistance per unit area as
B
qu = cN. + K;yDN, + ) N, 6.9)

where K, = the coefficient of earth pressure on the shaft
within the failure zone; varying from 3 for
loose soil to about 1 for dense soil;

N., N, and N, = bearing capacity factors that are dependent
on ¢ and the embedment ratio D/B.

In a soil giving both adhesion and friction on the shaft of the

pile, Meyerhof (1953) expressed the tangential force per unit

area at depth D' as

f. = c. + K;yD' tan 8

where ¢, = the adhesion per unit area;

6 = the angle of friction of the soil on the shaft.
For clay, 6 =0, so that f, = c..
For non-cohesive soil, ¢, =0, so that f, = K,yD' tan é.

The actual values of f,, c., K,, vy and & probably vary from
point to point down the shaft, but for practical purposes
average values are adequate.

If D is the depth of the pile base, D’ increases from 0 to D,
and the average value of f, = K,y(D/2) tan é.

Thus, Meyerhof’s formula for the bearing capacity of a pile
in a soil possessing both cohesion and friction is

P, = A, (ca + Ksy%)tan 6) + A, (CNC + K,yDN, + 71_23 N,)
(6.10)

In the case of a pile of normal proportions D/B is about 30
or more, so that in the above solutions for g, (Egs. (6.7), (6.8)
and (6.9)), the term involving B will be small in relation to the
other terms and may be ignored. The equations then become

Terzaghi q.= 1-3cN. + yDN, (6.11)
Berezantzev et al. q.= BiarypD (6.12)
Meyerhof q.= cN. + K;yDN, (6.13)
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Equations (6.11) and (6.13) apply to soil having both cohe-
sion and internal friction, Eq. (6.12) is applicable only to a
frictional soil.

In Egs. (6.11), (6.12) and (6.13) the gross ultimate bearing
pressure g, has been determined, so that if the net ultimate
bearing pressure is required we have q,, = g. — yD, so that:

Terzaghi gnu=1-3cN: + D(N, — 1) (6.14)
Berezantzev et al. qun = yoD(Bwa. — 1) (6.15)
Meyerhof gnu= cN. + yD(K;N, — 1) (6.16)

(It has been assumed for clarity that y = yp, = %)

A check of Eqgs. (6.14), (6.15) and (6.16) may be made by
putting ¢ = 0 and ¢ = 0, thus giving the soil the properties of a
fluid, which having no shearing resistance gives ¢., = 0. For
¢ =0 in Terzaghi’s and Meyerhof’s equations N, =1, N, =0
and K, =1, so that the conditions for a fluid are satisfied. For
Eq. (6.15) to be admissible it seems that the term B.a, should
become unity for ¢ = 0. For most piles the distinction between
net and gross bearing pressures at the base is seldom of
practical importance. The need for clarity may arise when
dealing with piles with enlarged bases.

Practical methods of calculating the ultimate bearing capacity

For practical purposes when calculating the shaft and base
resistances of a pile, soils are regarded as either entirely
cohesive or entirely non-cohesive. It is convenient to deal
separately with the behaviour of piles in each type of soil and
piles that are supported by rock.

Piles that are end-bearing in sand or gravel

When a pile penetrates weak strata to obtain end-bearing in
a bed of non-cohesive soil such as sand or gravel, the major
part of the ultimate bearing capacity is generally supplied by
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the base resistance. Shaft friction may contribute to the
bearing capacity, but in the case of a weak soil that is in the
process of consolidation, the soil may in the long term cause a
downward drag on the shaft. This latter condition will be
examined in Chapter 8.

For a pile with its base in non-cohesive soil, the terms
containing ¢ in Terzaghi’s and Meyerhof’s equations for g,
become zero, since ¢ =0. Equations (6.11), (6.12) and (6.13)
then become

Terzaghi q./yD= N, 6.17)
Berezantzev et al. q.!/yoD = B.ar (6.18)
Meyerhof q./vyD= K,N, 6.19)

Clearly, the quantities N,, Biar and K;N, may be compared,
as in Fig. 6.5, in which the curves represent values of N, given
by Terzaghi (1943), values of Biar from data given by
Berezantzev et al. (1961) and values of K;N, calculated from
data given by Meyerhof (1953) assuming K, = 3. The values of
Biar for D/B = 50 used in the calculation have been obtained
by extrapolation of the data.

As the base of a displacement pile of diameter B is forced
into sand, the progression of the failure zone causes shearing
within a cylinder of diameter a, and compaction of the sand
within a cylinder of larger diameter b, as in Fig. 6.6. For loose
sand, Meyerhof (1959) found a =4B and b =6B to 8B. For
dense sand, Kerisel (1961) found a =3B and b =5B.

Most theories do not take into account the compaction of a
sand resulting from pile driving, and the value of N, or other
comparable coefficient of yD in the equation for g,, is that
applicable to the ¢ of the soil in its unaffected state prior to
piling.

If agreement is found between such a theory and the results
of loading tests, one or other of two things must occur. Either
the effect of compaction is negligible, or the theory by which
N, or other coefficient is calculated is in error by an amount
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FI1G. 6.5. Curve T gives N, versus ¢ according to Terzaghi. Curves B give
B,ar versus ¢ according to Berezantsev et al. for D/B =25 and 50. Curve M
gives K,N, versus ¢, according to Meyerhof for K, = 1/2.

which compensates for the use of a value of ¢ that is lower
than that of the compacted soil actually surrounding the pile.
Meyerhof (1959) has attempted to take account of the compac-
tion resulting from the installation of displacement piles.

Vesic (1963) and Kerisel (1964) have shown experimentally
that for values of D/B greater than about 5 the base resistance
in granular soil does not increase with depth as Egs. (6.11) to
(6.16) suggest. The rate of increase diminishes, N, reaching a
constant value, depending on ¢, for values of D/B greater
than about 15.

The weakness of the current theories, as of the early static
theories, is that values of ¢, 8, K, or other soil parameters are
required and the value of a theory for practical application is
governed by the accuracy with which the necessary parame-
ters can be determined.
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FIG. 6.6. The zones of shearing and compaction around a driven pile.

The difficulty and expense of extracting sand in an ‘“‘undis-
turbed” state from boreholes in order to determine the angle of
internal friction and other properties, the doubtful accuracy of
the results and the impossibility of dealing with gravels in this
way, have led to the development of penetrometers.

“Dynamic’ penetrometers are driven into the soil by blows
of a hammer, and ‘‘static”’ penetrometers are forced down by
steady pressure, to give information about the density or other
properties of the soil encountered. The best known and most
widely used of the dynamic methods is the so-called ‘‘standard
penetration test” and of the static methods, that commonly
called the “Dutch cone’ penetrometer test.

The standard penetration test
The test consists of driving a split-barrel sampler of 2in
(50-80 mm) outside diameter into the soil at the bottom of a
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cased borehole. The sampler is attached to drill rods and driving
is by blows from a 1401bf (63-5kgf) weight falling 30in
(762 mm) onto the top of the rods. The sampler is driven a total
distance of 18in (457 mm) and the number of blows needed to
drive the final 12 in (305 mm) of this distance is termed the
standard penetration value N. Great care is required in making
the borehole for the test to avoid disturbance of the soil at the
bottom of the hole, since any loosening of the soil reduces the N
value. As originally devised in the U.S.A. the test was made in a
hole formed by wash boring. In Britain ‘‘shell” boring is
commonly used, which increases the risk of disturbance
because of suction if the shell is withdrawn quickly. The test is
covered by British Standard 1377-1967.

Terzaghi and Peck (1967) have correlated N values with
descriptions of the density of sand deposits and with soil
pressures causing 1in (25-4 mm) settlement of footings of
different widths. Peck, Hanson and Thornburn (1953) have
given a correlation of N with the angle of internal friction ¢ and
Terzaghi’s bearing capacity factors N, and N,. This is repro-
duced in Fig. 6.7.

It may be observed that Terzaghi’s curve of N, versus ¢
given in Fig. 6.5 is not the same as that given in Fig. 6.7. The
reason is that in Fig. 6.7 an allowance has been made in the
curves of N, and N, versus ¢ for local shear failure in loose
soils with values 28° < ¢ < 38°.

When the test is made in fine sand or silt below the water
table a correction is generally made by which the blow-count is
reduced. If N'is the S.P.T. value as found, then the equivalent
value of N to be taken for design purposes when N’ is greater
than 15 is given by the expression

N =15+3N'-15)

Gibbs and Holtz (1957) and Thorburn (1963) have introduced
further corrections to the N values obtained at shallow depths
to allow for the effect of the overburden pressure at the level
of the test. With an overburden in excess of about 15 m in the
Gibbs and Holtz method, or about 7-5m in the Thorburn
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FIG. 6.7. Correlation of the standard penetration test N values with N,, N,
and ¢.

method, no corrections are required, so that for piling the need
for corrections in this way may generally be ignored.

In dry sand the values of N found at different test points in
the bed will vary due to random variations in the density of the
deposit and the lowest value at or within a few feet below the
level of the pile base should be taken in design.

When in sand below the water table, the borehole must be
maintained full of water both during boring and testing to
minimise disturbance due to inflow at the bottom and the N
values obtained may be more representative of the practical
difficulties and the operational technique employed in making
the borehole than of the original density of the sand deposit.
Whether in any given case a standard penetration test result
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can be relied upon must depend on the engineer’s assessment
of the circumstances on the spot.

In order to extend the applicability of this type of test to
sandy gravels and gravels, Palmer and Stuart (1957) fitted a
solid conical tip to the sampler and found that the results were
comparable with those obtained with the standard apparatus.

Many practising engineers claim to use the standard penetra-
tion test for predetermining the end-bearing capacity of driven
piles. Both the test and the driving of piles rely on impact and
in each case the driving resistance is related to the density of
the soil and the overburden pressures, but there is practically
no evidence of direct correlation to be found in the literature.
Until a direct correlation becomes available, one method of
estimating the ultimate resistance of the base of an end-bearing
pile in sand from standard penetration test results is by means
of the correlation of N with N, given in Fig. 6.7. The value of
q. is then determined from g, = yDN,.

For the frictional resistance of pile shafts, Thorburn and
MacVicar (1970) suggested the formulae R, = A.N/50 tonf for
sands and R, = A,N/60 tonf for silts based on their experience
in the Glasgow area. N is the average value of N down the
depth of the pile shaft.

A method of estimating the approximate working load on
timber friction piles is used by the American Bureau of
Reclamation which relies on a correlation between the pene-
tration resistance of the sampler and the driving resistance of
the pile (see Holtz, 1961).

The Dutch cone penetrometer

The Dutch deep sounding apparatus was originally devised
for locating resistant strata to which piles might be driven. In
its simplest form it consists of a probe with a conical point of
base area 10 cm? (35-7 mm diameter) at the end of a rod sliding
in a tube, as in Fig. 6.8. The tube has an external diameter
equal to that of the base of the cone. In use, the assembly
is pushed into the ground and the cone advanced a short



74 THE DESIGN OF PILED FOUNDATIONS

N v‘ﬂi

| /de

L v

(a) (b) (c)

F1G. 6.8. The simple form of Dutch penetrometer. (a) As pushed into the soil
ready for use. (b) Ist stage; the cone advanced. (c) 2nd stage; the tube
advanced to join the cone.

distance, as in Fig. 6.8(b); the force to do this being measured.
The tube is then advanced to join the cone, as in Fig. 6.8(c); the
force to do this also being measured. Modifications have been
made to prevent soil entering the lower gland and to permit
simultaneous advancement of the cone and tube with the
separate measurement of the two resistances. It is common
Dutch practice to take a reading of cone and tube resistances
at intervals of 20 cm in depth and to plot the results of the test
as in Fig. 6.9.

The methods by which the bearing resistance of a pile may
be calculated from cone penetrometer tests have been mod-
ified with increasing experience. In the direct method, the
ultimate point resistance of a pile is calculated by multiplying
the cross section of the base of the pile by the measured cone
resistance per unit area at the same level. The unit friction
along the tube would normally be lower than the unit skin
friction acting on a pile, because the larger pile causes greater
compaction than a penetrometer, so that by multiplying the
tube resistance by the ratio of the circumference of the pile to
that of the tube, a value for the pile shaft friction is obtained
which is generally on the safe side.

For the frictional resistance of pile shafts, Thorburn and
MacVicar (1970) suggested the formulae R, = A.g./200 tonf
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FIG. 6.9. Typical Dutch penetrometer test result, showing cone and tube
resistances plotted every 20 cm of depth.

for sands and R. = A;q./150 tonf for silts, where q. is the
average static cone resistance down the depth of the shaft in
tonf/ft’.

Van der Veen (1957) allowed for the fact that the shear
surfaces, formed around a pile base as the ultimate bearing
capacity is reached, extend for distances ad above and bd
below the level of the base, where d is the equivalent diameter
of the pile base (cf. Meyerhof’s theory). It is assumed that the
resistance of the base per unit area is the average of the
measured cone resistance over the range (a + b)d. Van der
Veen found the most probable values were a =3-75and b = 1.
The principle is indicated in Fig. 6.10.

One serious difficulty in these simple methods of calculating
the ultimate bearing capacity of the base of a pile from Dutch
cone penetrometer tests is that they do not recognise any effect
due to the difference in diameter between the penetrometer
and the pile, i.e. the “scale” effect. De Beer (1963) has dealt
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FI1G. 6.10. Determination of the average cone resistance of the soil involved in
shearing failure at the base of a pile of equivalent diameter d. The shear zones
extend for distances ad above and bd below the base.

with this problem and has presented a method of correcting for
the scale effect which has been used for several years in
Holland and Belgium. If the pattern of the shear zones given
by Meyerhof in his general theory of bearing capacity for deep
foundations is accepted, then for a given distance of penetra-
tion into the resistant bed the shear zones associated with a
small probe of 35-7 mm diameter may possibly be entirely
within the bed as in Fig. 6.11(a). For the same distance of
penetration the shear zones of a pile (which may be ten times
the diameter of the probe) will be as shown in Fig. 6.11(b). To
obtain a failure system similar to that of the probe the pile
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would have to penetrate to the depth shown in Fig. 6.11(c).
Thus, if the same bearing capacity law is to apply to both the
pile and the probe, their penetrations into a resistant bed must
be governed by their scale ratio.

However, the relationship is not one of scale alone, because
the greater depth to which the pile has to penetrate to ensure
that the shear zones do not reach the surface of the bed results
in an increased overburden pressure.

De Beer (1963) has given a practical method of using the
cone penetration diagram for pile design, allowing for the scale
effect. When the sounding is made with a reading every 20 cm,
the entry of the cone into the surface of a resistant bed is
shown by three, four or more points in a line, as at AB in Fig.
6.12, as more and more of the shear zone system becomes
enclosed in the bed, followed by a succession of points
showing substantially the same resistance as at B. Point B
represents the condition of full enclosure of the shear zones in
the resistant bed. If four points are in line from A to B, then
the embedment of the cone at B is 60 cm. Thus, for a pile 10
times the diameter of the cone, the depth of embedment to
ensure full enclosure of the shear zones would be about 600 cm

IL
(a) (b) (c)

FiG. 6.11. (a) Shear zones around the cone of a penetrometer. (b) Shear zones

at the base of a pile at the same depth may reach the surface of the resistant

bed. (c) A greater penetration is required to ensure that the shear zones at the
base of the pile do not reach the surface of the resistant bed.
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FIG. 6.12. De Beer’s method of determining the depth to which a pile should
penetrate to correct for the scale effect.

and the increase of resistance shown by the pile base would
approximately follow a line such as AC, where C has a
somewhat greater resistance than B due to the increased
overburden.

Suppose it is decided that the pile is to be driven until the
base resistance is 10,000 kKN/m?, since to attempt to reach a
higher value might cause damage to the pile. This point is
represented by D on AC and the level of D gives the depth to
which the pile point should be driven. A pile capable of
withstanding the forces involved could be driven to the level of
point C, to obtain the maximum resistance, provided the under
surface of the bed was sufficiently far below the pile base to
ensure that the shear zones were still within the bed.

In the original design of the Dutch penetrometer, the force
to advance the tube represents a summation of the effects due
to soils of different types between the ground surface and the
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cone. In order to measure the frictional resistance of the
successive beds of soil separately, Begemann (1953) used a
sleeve about 13 cm long attached immediately above the cone
in such a manner that the force on the sleeve could be
determined.

One of the difficulties with the simple penetrometer shown
in Fig. 6.8 is that any soil that falls into the space left when the
cone is pushed forward alone may enter the gland between the
rod and the tube when the tube is advanced to join the cone.
This is overcome by fitting the cone with a skirt, as in Fig. 6.13.

In a recent development the forces on the cone and on a
short sleeve placed immediately above the base of the cone are

P4— Tube

1 (

_-Inner rod

—Skirt

(a) (b)

FIG. 6.13. Penetrometer with skirted cone; (a) as installed in the soil, (b) with
the cone advanced.
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measured by dynamometers giving an electrical readout (Heij-
nen, 1973).

The reliability of the Dutch cone penetrometer for predict-
ing the base or point loads on piles has been examined by
Huizinga (1951) and Van der Veen (1953, 1957). Huizinga
determined the point resistance at ultimate bearing capacity
for 29 piles by subtracting the value found for the pulling
resistance from the ultimate bearing capacity. With two excep-
tions the point resistances per unit area were between 70 and
150 per cent of the cone resistance values. He also compared
the frictional values per unit area found in pulling tests with
those determined from the tube of the penetrometer and found
that the pile friction values were on average 200 per cent of the
tube values, the variation covering the range 100 to 400 per
cent.

Van der Veen (1953) gave the results of 19 comparisons
between ultimate pile point resistances and cone resistances
and later supplemented these (1957) with 14 more. The scatter
of results coincided closely with those of Huizinga.

A number of workers have studied the relationship between
N values and the resistance given by the cone penetrometer,
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F1G. 6.14. Relationship between n (the ratio g./N) and the median particle
size of the depositin mm. Both q. and n are measured in kgf/cm?.
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q., and have found a dependence upon the particle size of the
deposit. Thorburn and MacVicar (1970) gave a graph of
n = q./N versus the median particle size (Fig. 6.14) which was
deduced from the empirical relationships proposed by several
authors. Thorburn and MacVicar point out that the chart
represents a trend only and should not be used indiscrimi-
nately, although subsequent correlations by other authors
show fair agreement with it.

Since Q, = Asq. and g. = nN then Q, = A,nN. This formula
has been applied to end bearing piles in gravel in which the
SPT may be feasible when it is not possible to carry out a
Dutch cone test.

Other types of penetrometers

There are various other forms of both dynamic and static
penetrometers in use and one or other may be favoured in a
particular country. As a result of the many types and dimen-
sions of penetrometers and the attempts to find correlations
between them and with soil parameters, the present state of
the art is one of confusion.

The penetrometer tests most likely to be used in British and
American site investigation work are the standard penetration
test and the Dutch cone penetrometer test. Should another
form of test be suggested as a method of site investigation, the
engineer would be well advised to examine its authority and
the available correlation data before using the results for
design purposes.

Piles in clay

When clay is stressed the pore water pressure increases and
if the stress is increased sufficiently rapidly so that failure
takes place with very little dissipation of the pore pressures, a
“total stress” or ¢ =0 type of failure analysis may be made.
The strength parameter involved in these circumstances is the
undrained cohesive strength, which may be determined either
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by the unconfined compression test or the undrained triaxial
test. The sampling of clay in the field in a relatively undis-
turbed condition and the subsequent testing of specimens in
the laboratory, present few difficulties when compared with
sands or gravels and it is usually possible to prepare a plot or
“profile” of cohesion versus depth for a clay stratum.

The long-term behaviour of piles indicates that pore pres-
sure dissipation and consolidation in the clay around a pile do
occur and Chandler (1966, 1968) suggested a design method
based on an effective stress approach. Burland (1973) has also
applied a simple effective stress method to the calculation of
shaft friction which he suggests may be used for preliminary
design purposes and is applicable to piles in soft clays and to
bored piles in stiff clays. No complete analytical solution for
the effective stresses on a pile exists and very little experimen-
tal work has been done to find the pore pressures present in the
soil around a pile, or the way the pressures dissipate.

Load carried by the base of a pile in clay

In the case of a pile of normal proportions embedded
entirely in clay, the contribution to the ultimate bearing
capacity given by the base or point may not be greater than 10
per cent and is often neglected in practical design. With large
diameter bored piles, however, particularly those with en-
larged bases, the base resistance may exceed the resistance
due to shaft friction and calculation of the base resistance
becomes important.

When ¢ =0, then N, =1, N, =0 and K, =1 (Meyerhof,
1951), and assuming that the coefficient 1:3 in Eq. (6.7) may be
taken into the value of N, then both Terzaghi’s and
Meyerhof’s equations (Eqgs. (6.14) and (6.16)) for g.. at the
base of a pile in cohesive soil may be reduced to the form

qnu = chc (6.20)

where ¢, is the cohesion at the level of the base.
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Testing experience indicates that in a soil of uniform
strength the net base resistance increases as D/B increases to
become practically constant for values of D/B greater than
about 4, i.e. N, increases to a constant value.

The value of N. in Eq. (6.20) has been determined by
analytical and experimental methods. Meyerhof obtained N, =
9-3 or 9-8, analytically, the value depending on whether the
base was smooth or rough. Wilson (1950), by a different
approach, obtained N. = 8-0. Skempton (1951), taking account
of the various theoretical values and others found by experi-
ments on models, concluded that the semi-empirical value
N. =9 was probably sufficiently accurate for practical pur-
poses and this value is generally accepted in design in Britain.

Thus for the practical design of piles in clay

qnu = 9cb (6.21)

Driven piles

When a pile is driven into clay, shear surfaces associated
with the base are progressively formed deeper and deeper in
new soil as penetration proceeds. Around the shaft the soil is
compressed and moved laterally and vertically to accommo-
date the pile, the ground surface heaves and the clay in the
immediate vicinity of the pile shaft is completely remoulded.
According to Casegrande (1932), the zone of remoulding has a
diameter twice the diameter of the pile and the soil is suffi-
ciently affected within a zone four times the pile diameter to
cause an increase in compressibility. If the clay is sensitive,
there is an immediate loss in strength due to remoulding, and in
both sensitive and non-sensitive unfissured clay there is an
increase in pore water pressure in the compressed zone. In the
period following driving, pore pressure dissipation and drain-
age may be sufficient to restore the strength. This phenomenon
is called ‘“‘take up”’ and in some soils the bearing capacity of a
pile relying chiefly on shaft friction may increase to many
times its value immediately following driving.
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This property has been demonstrated by making repeated
loading tests at intervals on the same pile, obtaining a curve of
ultimate bearing capacity versus time. Such a curve will only
apply to the particular site and type of pile on which the test is
made, for although various attempts have been made to obtain
correlation with tests on soil specimens, no general theory has
emerged that enables a designer to predict the bearing capacity
of a pile some time after driving, with the necessary assurance,
from soil tests alone.

In most cases the increase of bearing capacity with time is
rapid at first, so that by the end of a month the ultimate bearing
capacity is not much less than that which would be reached in
a year or more. Peck (1958) made a collection and analysis of
test results on behalf of the American Highway Research
Board and concluded that in soft and medium clays, having
unconfined compressive strengths up to about 96 kN/m® the
contribution made by shaft friction to the ultimate bearing
capacity, after a period for ‘‘take up” was equal to the product
of the embedded area and the original shearing strength of the
soil. The shearing strength was taken to be half the unconfined
compressive strength of undisturbed samples. Thus, for soft
clays f, = ¢ for design purposes.

In the case of piles driven into stiff clays, that is clays having
unconfined compressive strengths of over 96 kKN/m’> Peck
(1958) found that the shaft resistance was smaller than the
product of the embedded area and the shearing strength of the
soil and that as the shear strength increased the difference
became greater. Others have also noted this effect. Thus, for
stiff clays f, <c.

In the stiff fissured clays, it is possible that the displacement
of the clay may break it into blocks or fragments and the effect
on pore pressure is not known.

A number of experiments have been made with the object of
finding the load in a pile at chosen sections down its length. By
attaching strain gauges at the required positions to steel piles,
the strain under load may be measured and the stresses in the
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pile at those points may be approximately found, either
directly, or from a previous calibration under load. The
difference in the loads at two cross-sections represents the
load carried by friction or adhesion on the surface of the shaft
between the two sections (Seed and Reese, 1957). Most
experimental work of this kind has been concerned with the
adhesion of soft clays and the load distribution in the shaft of a
model pile driven in clay given in Fig. 6.15 shows a pattern
which is typical of that found in other tests on larger piles.

The effect of the material of the pile on skin friction has
been examined by various people. The data have generally
been in the form of collections of results of tests on concrete,
steel and timber piles drawn from many sources, the piles
being in soils of different cohesive strengths. Although some
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F1G. 6.15. The distribution of load down the shaft of a model pile in clay for
different applied loads.
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authors suggest the skin friction on some one material to be
greater than on others, the scatter of the results would seem to
be too great to permit such a differentiation between the
various pile materials.

Bored piles

For convenience, bored piles are usually separated into
“normal” bored piles, that is piles up to about 600 mm diame-
ter and “‘large” bored piles which are of 600 mm diameter and
over and this convention will be observed.

Bored piles are most advantageously formed entirely in a
reasonably uniform deposit of firm or stiff clay similar to a
boulder clay or London clay. The borehole would be put
down by an auger or by percussion with a core cutter. At
present there are no recorded data to show if there is any
difference between the piles resulting from the two methods of
hole construction, and the choice is dictated by economic
factors.

The relief of stresses around the bore hole causes migration
of pore water from the surrounding clay to the surface of the
bore hole, and the disturbance of fissures and the intersection
of silty inclusions may also release some water. Deterioration
of the sides of the borehole from these causes can be
minimised by boring and concreting as rapidly as possible. It is
not uncommon for water to be poured into the hole to make
boring easier and this should be discouraged. The clay has also
the opportunity to take up water from the wet concrete placed
in the hole to form the pile, but there is not much evidence to
show how much water is taken up. Meyerhof and Murdock
(1953) found there was an increase of 4 per cent in the water
content of the clay in contact with the concrete in a bored pile
which took 3 days to complete; the clay 76 mm away from the
concrete being unaltered in water content.

Whatever the cause, this increase in water content reduces
the strength of the clay and its adhesion on the pile shaft when
the concrete has set is lower than the original value of
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cohesion. The complex system of effective stresses and pore
pressures within the clay and at the clay/concrete interface has
not been studied, and the design approach which is generally
used at the present time is by the empirical determination of f,.

If with very soft clays the adhesion is accepted as being
equal to the cohesion, then the lower limit to the value of f,
following absorption of water will be equal to the cohesive
strength of the clay in the “fully softened” condition.

Ward and Green (1952) suggested a design equation for short
bored piles up to about 4-25 m long, such as might be used for
house foundations, assuming the worst conditions likely to
occur:

P, =9¢,A,[2 + wdc,L, (6.22)

where P, = the working load;
¢, = the fully softened shear strength;
d = the diameter of the shaft;
L. = the effective length over which adhesion occurs.

An allowance is made in calculating the value of L. for the
clay shrinking away from the upper end of the pile in dry
weather, no adhesion being assumed on the upper 1-22m
where the vegetation is grass, or on the upper 2-13 m where
there are forest trees, if it is known that the water level in the
ground falls below 2-13 m from the surface in a dry summer.
The first term on the right hand side of Eq. (6.22) represents
the theoretical ultimate bearing capacity of the base divided by
a factor of safety of 2. In the second term, since ¢, and L, are
taken at their lowest possible values, no additional safety
factor is applied.

To determine the fully softened shear strength of a 38-1 mm
diameter by 76-:2 mm long specimen of the clay, the ends of the
specimen are covered with celluloid discs and the curved
surface wrapped in blotting paper, the paper being held in
place by weak elastic bands. The covered specimen is then
immersed in tap water. The soaking period has not been
standardised. Ward and Green (1952) allowed soaking for 1 to
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2 days; Whitaker and Cooke (1966) allowed 4 days. After
soaking, the paper and end discs are carefully removed and the
specimen tested in unconfined compression. Whitaker and
Cooke found the average fully softened strength of London
clay from Wembley, Middlesex to be 16-5 kN/m® irrespective
of the original strength, which was 95-7 to 239-4 kN/m’.

Skempton (1959) made a collection of data relating to bored
piles in London clay for which the ultimate bearing capacities
had been established by loading tests and the strength profiles
of the soils were available. He assumed N. =9 and calculated
f. from the formula P, = ¢,N.A, + f.A,.

Skempton examined the relationship between the value of f,
and the average cohesion ¢ of the clay over the depth of the
pile. The ratio f,/¢, termed the adhesion coefficient, which
Skempton designated by the symbol a, was found to vary from
0-3 to 0-6, and he suggested that a = 0-45 was acceptable for
design purposes for ¢ <215 kN/m? but for greater values of ¢
the value of f, =96kN/m> should be used. He further
suggested that with these values a safety factor of 2-S on the
calculated ultimate bearing capacity should be used for single
piles.

Large bored piles with enlarged bases

Large bored piles up to about 1-5 m in diameter and 27-5 m
deep are formed in stiff clay by means of large mechanical
augers, which have tools enabling the bases to be undercut to
twice the shaft diameter or more. These foundations are
sometimes called “‘caissons” or ‘‘deep bored cylinders”. Func-
tionally they behave as piles and will be considered as large
piles. Foundations of this type carried to rock have been used
for many years, but they are now used where the support is
provided entirely by stiff clay.

Whitaker and Cooke (1966) investigated the behaviour of
large bored piles in London clay, both with and without
enlarged bases, by placing load measuring ‘“‘cells” immediately
above the bases, as shown in Fig. 6.16. The difference between
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FIG. 6.16. The positions of load cells for measuring the base loads in large
bored piles, (a) without base enlargement; (b) with an enlarged base.

the load cell reading and the applied load gave the load carried
by frictional resistance on the shaft. The piles were con-
structed by a normal augering method and the concrete was
placed in dry, unlined holes.

Full mobilisation of frictional resistance occurred at a
settlement which was between 0-5 and 1 per cent of the shaft
diameter. The proportion of the frictional resistance mobilised
at any given settlement was dependent on shaft diameter, but
was independent of the shaft length and of whether the base
was enlarged or not. The mobilisation of the base resistance
increased as the settlement increased, reaching its full value at
a settlement between 10 and 20 per cent of the base diameter.
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The mean ultimate frictional resistance (f,) corrected to an
age of 6 months is shown in Fig. 6.17(a) plotted against mean
shaft depth. The average net ultimate bearing pressure (g,,) on
the base of each pile is plotted against the depth of the base in
Fig. 6.17(b).

e O
£ ot
=
2]
A
£
Q
S 6
c
S g
b3
10 L 1 Il
0 50 100 150 kN/m?
Mean frictional resistance
adjusted to a test age of 6 months
(a)
6
e 8 \e
. L+G+"’
2 10
@©
Qo
) 12+ F+ A+ H+
£ o+
Q
8 14
N+ +K
16k M+
18 1 | |
0 500 1000 1500 2000 kN/m?
Mean net ultimate bearing pressure
(b)

Fi1G. 6.17. (a) The mean ultimate frictional resistance at 6 months versus the

mean depth of the shaft. (b) The mean net ultimate bearing pressure versus the

depth of the base. The piles are designated by letters. The shaft diameter of

piles D, E, and F, was 610 mm that of piles G, L, H, A, K and M was 762 mm

and that of piles O, N and P was 915 mm. The bases were the same diameter

as the shafts in piles D, G, H, K and N and were enlarged to twice the shaft
diameter in piles E, F, L, A, M, O and P.



THE ULTIMATE BEARING CAPACITY 91

A normal site investigation was made, samples being taken
in 101-6 mm diameter tubes from a borehole and the shear
strengths of the clay specimens were found by undrained
triaxial tests. A plot of specimen shear strength versus depth
was made for a depth of 36:6 m and a mean line drawn through
the points. Figure 6.18 shows the upper portion of this plot.
From the linear relationship between ¢q,., and depth in Fig.
6.17(b) and assuming N, =9, values of ¢, were calculated for
the range of depths of the bases, and a line giving a relationship
between these values and depth was superimposed on Fig.

Shear strength, kN/m?
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F1G. 6.18. The relationships between shear strength and depth calculated
from Fig. 6.16 for N. =9 and @ = 0-3, 0-45 and 0-6, superimposed on a plot of
points representing the shear strength of triaxial test specimens.
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6.18. The position of this line shows the actual value of ¢,
mobilised at the pile base at failure to be smaller than given by
the mean strength resulting from triaxial tests on specimens.

The scatter of the specimen strength results in Fig. 6.18 is
chiefly due to the fissured nature of the London clay. With
small triaxial test specimens, the random inclusion or exclu-
sion of fissures from the specimens will cause a large variation
in strength and the average strength will be greater than that
of a specimen sufficiently large for a representative fissure
pattern always to be present, as would be the case in the
large volume of soil involved in shear failure at the base of the
pile.

By means of a plate loading test an area of the same order of
size as a pile base may be tested and the shearing strength
obtained will be the fissured strength of the clay in situ.
Marsland (1971b) carried out a number of loading tests on
865 mm diameter plates at different depths on a site on London
clay and the results of these are shown in Fig. 6.19 plotted with
data from laboratory tests on 35 mm diameter specimens taken
from boreholes. The plate tests give very consistent values of
strength lying towards the lower limit of the scatter of the
laboratory test results. In the absence of information from
plate loading tests an approximate idea of the fissured strength
may be obtained by drawing by eye a line forming the lower
bound to the scatter of points given by the plot of undrained
shear strengths found by laboratory tests on small (35 mm
diameter) specimens. Whitaker and Cooke (1966) suggested
that values from the mean shear strength-depth profile could
be multiplied by a coefficient w to give the equivalent fissured
strength. In their investigation they obtained the value w =
0-75.

By taking values of ¢ from the mean strength—depth profile
and using values of f, from Fig. 6.17(a), Whitaker and Cooke
calculated values of a. The values so obtained were found to
vary little with depth, the average value being a = 0-44. For
this purpose ¢ was calculated for different depths D from the
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FIG. 6.19. Shear strength versus depth in London clay at Hendon. The dots
are values from undrained triaxial tests and the triangles are values calculated
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plate loading tests.
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mean strength-depth curve by the use of the expression

c= Area between the curve and the axis of D
- D

In a similar manner by assuming values of a« = 0-3, 0-45 and
0-6, values of ¢ at various mean depths were calculated and
lines giving these values have been superimposed on Fig. 6.18.
This indicates that the value a = 0-45 suggested by Skempton
is a reasonable one for normal design purposes in London clay.

Tests on stiff clays in the laboratory show that the shear
strength drops for large shearing movements. Whitaker and
Cooke (1966) have shown that the frictional resistance of a pile
also drops from an initial peak as the settlement increases. For
these reasons Burland, Butler and Dunican (1966) recommend
a value of @ =0-3 be used for large settlements.

Whitaker and Cooke’s experiments showed that the ultimate
bearing capacity of large bored piles in London clay with or
without base enlargement can be adequately expressed by the
formula

P, + W = md,Laé +’Z’ d¥(N.c, +7D) (6.23)

The value of ¢, being the strength in situ. This would be the
fissured strength in the case of London clay.

For rapid design purposes the weight of the pile W is often
assumed to be equal to the soil it replaces and the fissured
nature of the clay is neglected, so that

P.approx = md;LacC +7ZT d2N.c, (6.24)

¢, being taken from the mean shear strength—depth profile. By
making this approximation the ultimate bearing capacity is
overestimated from 6 to over 15 per cent depending on the pile
geometry.
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The effective stress method

Burland (1973) developed a method of calculating shaft
friction from effective stress on the shaft, making the assump-
tions:

(1) Before loading the excess pore pressures set up during
installation are completely dissipated.

(2) Because the zone of major distortion around the shaft is
relatively thin, loading takes place under drained condi-
tions.

(3) As a result of remoulding during installation the soil has
no effective cohesion. Hence the shaft friction f; at any
point is given by

fi =ontan é (6.25)

where o = the horizontal effective stress acting on the
pile
& =the effective angle of friction between the
clay and the pile shaft.

(4) The further simplifying assumption is made that o is
proportional to the vertical effective overburden pres-
sure p, so that

o.=Kp (6.26)

where p = (zy, — hy.); 7, is the bulk density of the soil, z
is the depth below ground surface, vy, is the density of
water and h is the depth below the water table. Thus,
from Eqgs. (6.25) and (6.26) we have

fi=Kp tané (6.27)
If the quantity K tan é is denoted by B then

p=Lf-Kuans 6.28)

B is thus similar to the empirical factor «, but is related to
the fundamental effective stress parameters K and 8. Average
values of B can be obtained empirically from pile tests,
provided sufficient time has elapsed after installation and the
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tests are carried out sufficiently slowly. It is also possible to
make estimates of K and & and thus obtain 8. In the case of
piles in soft clay it is assumed that failure takes place in the
narrow zone of remoulded soil close to the shaft surface, so
that & = ¢,, where ¢, is the remoulded drained angle of
friction of the soil. For a driven pile K might be expected to be
somewhat greater than K,, the earth pressure coefficient at
rest, so that to take K = K, should give a lower limit. For
normally consolidated clay it has been found that K,=
1 —sin ¢,1.

Thus B = (1 —sin ¢,) tan ¢, (6.29)

The value of ¢, is normally in the range 20° to 30°, giving
B =0-24 to 0-29. This implies that for soft clays B is not very
sensitive to the clay type. Burland plotted the average shaft
friction f, versus average shaft depth from tests on driven piles
in a wide variety of clays collected from a number of sources
as shown in Fig. 6.20. Bearing in mind the possible variations
in bulk density and ground water conditions, the scatter is
remarkably small. The lines showing values of 3, the average
value of B, have been constructed by assuming the soil to have
a bulk density of 1800 kg/m’, with a water table 1 m below the
surface. The results lie substantially between B =0-25 and
0-40, which is a smaller spread than the equivalent a values,
which lie between 0-5 and 1-6. Burland suggested that 8 = 0-3
is a reasonable value for use in design.

For piles in stiff clay, the chief problem of the effective
stress method is the estimation of the value of K, which for a
heavily overconsolidated clay such as London clay, can vary
from as high as 3 near the surface to less than 1 at depth.
Burland took the mean curve of K, versus depth for London
clay from the results of Skempton (1961) and Bishop, Webb
and Lewin (1965) as in Fig. 6.21. Thus the total shaft resistance
is given by:

R.=md3 pK,tans.AL (6.30)
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FIG. 6.20. Average shaft friction versus average depth for driven piles in soft
clays, with lines representing the values B = 0-25 and 0-40.
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F1G. 6.21. K, versus depthfor London clay, from determinations by Skempton
and Bishop, Webb and Lewin. The dotted line is the mean and is used in the
analysis.

and the mean shaft friction is

7 R.
fo= mdL L

Lines indicating 8 = 0-8 and Eq. (6.31) are shown in Fig. 6.22.
Burland estimated the effect of 10 m of overburden above the
clay, and this is also shown in Fig. 6.22.

In bored piles there is stress release in the soil at the
borehole surface and it is doubtful if the initial at-rest horizon-
tal stresses can be fully re-established at the pile surface. Thus
it would be expected that the curve represented by Eq. (6.31)
would form an upper limit for values of f, and that 8 = 0-8 can
be used as a conservative preliminary design value for London
clay.

2 pK,tan 8. AL (6.31)
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FIG. 6.22. Average shaft friction versus average depth for bored piles in
London clay, with lines representing values given by 8 = 0-8 and by Eq. (6.31).

Burland plotted the average shaft friction versus average
shaft depth for driven piles in London clay, obtaining a wide
scatter of points, but found that the curve representing Eq.
(6.31) appeared to give a lower limit to the results.

Field tests for base and shaft resistance
It is generally assumed that the load-settlement characteris-
tics and ultimate bearing capacity of a plate about 610 mm
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diameter bedded horizontally on the bottom of a borehole will
be the same as those of a pile base at that depth. The plate is
loaded through a column formed by a steel pile or tube. The
movement of the plate under load is transmitted to dial gauges
at the surface by means of push rods. The arrangement is
shown in Fig. 6.23(a). The method of applying the load and
measuring the settlement are the same as those used for pile
loading tests and are dealt with in Chapter 9. It is essential that
the plate covers the base of the hole completely.

A method of finding shaft resistance which dispenses with
the need for a load cell is to form a void by means of a

Measured load

Reference beam
supported on —NT

foundations away Window in
from the borehole column Measured load
i‘i | Dial gauge
I Rod guide o
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F1G. 6.23. (a) Plate bearing test at the bottom of a borehole. (b) Arrangement
for determining the skin friction on a bored pile.
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collapsable container, or place a layer of compressible material
on the bottom of the borehole, and then fill the shaft with
concrete, as in Fig. 6.23(b). Whatever the form of the compres-
sible body it must not take in water nor collapse under the head
of wet concrete, but must offer little additional resistance to
compression. A loading test gives the shaft resistance only.

In making separate plate bearing and shaft resistance tests in
this manner, the two stress fields are applied independently to
the soil, so that there is no interaction of one on the other such
as occurs in a pile. Where g, and f, have been determined by
these means for use in practical design, it has generally been
assumed that the difference from the true values is unimpor-
tant. The use of a load cell as in Fig. 6.16 ensures that the
measurements of base and shaft load are made under the
stress-field conditions of an actual pile.

Pile foundations carried to rock

If a pile can be driven to bedrock experience shows that, on
the whole, a satisfactory foundation will result, whether it is
supported on a number of normal sized piles or on large bored
piles, provided the nature of the rock has been correctly
assessed.

Rocks may be divided broadly into “soft” rocks such as
chalk, weakly cemented sandstones, shales and mudstones,
into which the lower ends of piles can be driven and which can
be bored by auger rigs, and the “hard” rocks that resist pile
penetration and which require normal rock drilling techniques
for sinking boreholes. The ease with which piling operations
can be performed and the ultimate bearing capacity of the
resulting pile depend on the intrinsic strength of the rock and
on the extent to which the rock mass is fissured.

A site investigation should show the slope of the rock
surface and the rock itself should be sampled by core drilling.
The cores will show the rock type and the lengths of core
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recovered in solid or shattered condition and the gaps in the
recovery, together with the records of any loss of drilling fluid,
will give some indication of the degree to which the rock is
broken up by fissuring, jointing and bedding. It must be
stressed that identification of the rock in the geological sense
and knowledge of the strength of intact test specimens ob-
tained from cores do not alone supply complete information for
design purposes. An assessment of the degree of fissuring must
be made and if possible this is best carried out by descending a
shaft or borehole for visual and manual examination in situ of
the rock blocks or fragments and of the material filling the
fissures. Any inclination of the beds should also be noted.

Chalk and limestone are liable to contain solution channels
and holes, which may be empty or filled with weak material. If
such a condition is shown to exist, the engineer should
examine the possibility of using an alternative type of founda-
tion, e.g. a raft (it being assumed that the structure cannot be
resited). If it is decided to use piles, there must be freedom to
vary both their length and position as the work proceeds if
holes are encountered. If large bored piles are chosen and
there is no opportunity for resiting a pile should the boring
strike a hole, then the bore should be continued into sound
rock below the hole. If a wide joint or hole persists in the line
of the pile it may be necessary to clean it out as far as possible
and fill it with concrete. In such ground each pile must be
treated individually, even to the extent of making small
diameter drillings from the bottom of the pile borehole to
prove the soundness of the underlying rock.

Driven piles

When the rock is ‘““soft”, the pile ends will penetrate more or
less as into a bed of dense sand or gravel and an estimate of the
bearing capacity may be obtained from penetrometer tests. If
the rock is “hard”, to attempt to drive the point a substantial
distance into the rock would cause damage to the pile and
considerable skill is required to avoid overdriving when the
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pile point reaches the rock surface. If the rock surface is
sloping, there may be difficulty in preventing the point skidding
over it, causing the pile to buckle. A method of obtaining
embedment of the point used in Norway is by means of the
“Oslo” point. The actual pile point is a protruding round steel
bar 75-100 mm in diameter, with the lower end hollow-ground
and hardened. In the case of an H section pile, the “Oslo”
point is welded into a slot in the web as in Fig. 6.24 (see
Bjerrum, 1957).

In many cases when piles are driven to hard rock, the
ultimate bearing capacity is not governed by the support
offered by the rock but by the structural strength of the pile.
This will be considered in Chapter 8.

(a)

Plate welded
on each side

H Section pile

Round bar welded
into slot in web

. B

FIG. 6.24. (a) An Oslo point welded into a slot in the web of a steel bearing
pile. (b) The hollow-ground tip of the Oslo point.
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Bored piles

Code of Practice CP 2004 (1972) gives the presumed bearing
values under vertical static loading as in Table 6.1. The
presumed bearing value being defined as ‘“the net loading
intensity considered appropriate to the particular type of
ground for preliminary design purposes’’. The values are based
on the assumption that the foundations are carried down to
unweathered rock, but no addition has been made in the table
for the depth of embedment of the foundation. When the rock
is fissured or jointed or the beds are inclined, the Code requires
a reduction in the estimated bearing capacity, to be assessed
by examination of the rock in situ.

Since such an assessment must be based on personal experi-
ence and might be in error, it is preferable to make loading
tests of the rock foundation to obtain data for design purposes.

The support given by the rock will be as bearing beneath the
pile base and if the rock is drilled out so that a ‘“‘socket” is
formed, there will be a contribution from the bond between the
concrete of the shaft and the sides of the socket. The skin
friction of the material overlying the rock may be positive or
negative (see Chapter 8) and may be assessed either by the

TABLE 6.1
PRESUMED BEARING VALUES UNDER VERTICAL STATIC LOADING

Presumed bearing

value

Type of rock kN/m?
Hard igneous and gneissic rocks in sound condition 10,000
Hard limestones and hard sandstones 4000
Shists and slates 3000
Hard shales, hard mudstones and soft sandstones 2000
Soft shales and soft mudstones 600 to 1000
Hard sound chalk, soft limestone 600
Thinly bedded limestones, sandstones, shales} To be assessed
Heavily shattered rocks after inspection

Reference should be made to the Code for comments on the presumed
bearing value of weakly-cemented sandstones and disturbed chalk.
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Dutch penetrometer or by calculation from measured shear
strengths.

Bored piles up to 610 mm in diameter may be constructed
with a socket long enough for the shaft bond to form the major
contribution to bearing capacity and the value of the bond is
best determined by loading tests. A downward loading rather
than a pull-out test should be used. Piles of this sort are often
formed by placing the foot of a steel column in the socket and
casting concrete around it.

In the case of large bored piles, the load-settlement be-
haviour expected of the base is generally found by a plate
bearing test. It will probably be found convenient to sink a
cased borehole large enough for inspection of the rock to serve
also for the plate bearing test. The lower end of the casing is
sealed into the rock and the rock is drilled out either to the
same diameter, or to a smaller diameter, to the proposed depth
of the base. The base should then be cleaned of debris by hand
and examined for fissuring and inclined bedding. Inspection
and cleaning by hand cannot be carried out satisfactorily in a
bore much less than 900 mm in diameter. A layer of concrete is
then placed to overcome the irregularities of the rock and a
thick steel plate bedded horizontally upon it and the concrete
allowed to harden. A strong calcium sulphate plaster such as
“Crystacal EN”’, made by British Gypsum Ltd., may be used
in soft rocks, reducing the hardening time to about 2 hours.

The extent to which the shaft resistance in the rock socket is
mobilised would be most correctly determined by the introduc-
tion of a load cell immediately above the base, the shaft being
concreted to the level of the rock surface and the load
transmitted to it by a column. Shaft resistance may, however,
be determined separately by the use of a layer of compressible
material at the base of the socket in the manner previously
described. Whether the error, introduced into the results is
important or not is not known, because no tests have been
made in which a base load cell has been used, enabling shaft
and base resistances to be measured simultaneously.



CHAPTER 7

THE SETTLEMENT OF SINGLE
PILES AND THE CHOICE OF A
FACTOR OF SAFETY

Introduction

The calculation of the settlement of a loaded pile from the
known properties of the soil in which it is embedded has been
attempted by a number of authors (Seed and Reese, 1955;
Thurman, 1964; Coyle and Reese, 1966; Poulos and Davis,
1968; Butterfield and Banerjee, 1971; Cooke, 1974). Research is
continuing on this important problem, but, as yet, there is no
trustworthy method of calculating the settlement of a single
pile direct from soil properties that can be used for day-to-day
design purposes in all types of soil, and many of the solutions
are chiefly of interest to the research worker.

The settlement of a friction pile in clay

Poulos and Davis (1968) and Butterfield and Banerjee (1971)
obtained analytical solutions for the settlement behaviour of
an axially loaded single pile in an elastic medium by consider-
ing the pile as a number of uniformly loaded cylindrical
segments together with a uniformly loaded base. Poulos and
Davis considered the case of an incompressible pile and
Butterfield and Banerjee the compressible case. The solutions
were obtained by numerical integration of the Mindlin equa-
tions (Mindlin, 1936) for displacement due to a point load
within a semi-infinite elastic body. Poulos and Davis put
forward the equation

106
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P
P=Tgt

Where p is the settlement and I, is an influence factor
dependent on the thickness of the stratum below the pile base,
the length-diameter ratio of the pile and Poisson’s ratio of the
soil and they gave graphs showing the influence on I, of these
variables. Butterfield and Banerjee also presented graphs
showing the effect of the length-diameter ratio, the ratio of the
compressibilities of the pile and soil and the effect of base
enlargement.

Cooke (1974) gave a simple approach to the behaviour of a
pile by considering the movement of the soil adjacent to a
small element of the shaft of a pile that is displaced downward
a distance v, (Fig. 7.1). He assumed the displacement to be
small so that the soil was deformed elastically and that there
was no slipping at the pile-soil interface. At any level OX the
annular element of soil of depth a represented in section by
ABCD will be strained in shear to A’'B'C’'D’' and a transfer
stress from pile to soil will exist. At the outer surface of each
annular element around ABCD the stresses will be smaller
than at the inner surface since the shear force is distributed

e
A T
P Tefr T e=r

qs

7.1

v

Shaft
displacement
Vs

IA1c1

L _ ‘TT_D_’ Transfer stress (fg)

F1G. 7.1. Idealised vertical section through soil displaced by an element of a
loaded friction pile.
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over a larger area. Thus the shear strain diminishes progres-
sively from the pile surface to become negligibly small at some
point X.

If f, is the transfer stress (i.e. the shaft friction) the shear
force is mdaf, and at radius r where the shear stress is g,
mwdaf, = 2mrq,. At radius r the shear strain dy/dr =q./G
where G is the shear modulus of the soil and if G is
independent of r, then by integration:

v =14 10 (—’)

2G d
where OX = nd.
At the shaft surface r = d/2 and v = v, so that
_fd

Now, R = mdLf,, where f, is the mean value of f, and for an
elastic medium E =2(1 +»)G. Taking v =05 for saturated
clay, then

5 =3 3LE log. (2n) = R I (712)
where o, is the mean value of v, and therefore corresponds to
the pile settlement and I is an influence factor equal to
(3/27) log. (2n). This equation is the same as Eq. (7.1) given by
Poulos and Davis (1968), who found that the range of I, was
small. For » =0-5 the mean value of I, was 1-8, which
corresponds to n =22 in Eq. (7.2). Cooke and Price (1973a,
1973b) have measured the movement of the ground around
displacement piles when the piles were loaded. The piles were
168 mm diameter, 3-5 m long, fabricated from steel tubing and
incorporated load cells to measure the load on the base and at
three other levels in the shaft. Inclinometers were used in
50 mm lined horizontal boreholes driven to the pile shafts from
nearby trenches. The electrolytic liquid levels used in the
inclinometers were sensitive to displacements of one second
of arc. Cooke and Price found experimentally that soil dis-
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placements became insignificant for values of n greater than
10, which corresponds to a value of I that is 80 per cent of the
mean value of I, given by Poulos and Davis.

Equation (7.2) may be rewritten:

R 3R,

Y =R, 27LE

log. 2n)

But R, = wdLaé, so that

b = R 3da
* "R, 2EJ¢)

log. 2n) (7.3)

If an average value of a@ = 0-5 is taken to cover both bored
and driven piles, n = 10.and E/¢ is taken equal to 200, then:

R

v, =0-01 R,

d (7.4)

Equation (7.4) shows that shaft friction becomes fully
mobilised (i.e. R = R,) when the settlement reaches 1-0 per
cent of the shaft diameter, which agrees with the result
obtained experimentally by Whitaker and Cooke (1966) for
bored piles in London clay. Equation (7.3) could be used for
piles in clay to give the order of settlement for preliminary
design purposes provided realistic values of @ and E/¢ are
available for the site. Cooke and Price made an analysis of the
soil displacements around an experimental pile with a finite
element computer programme for axial symmetry using con-
stant strain triangular elements. The analysis gave reasonable
agreement with measured displacements when E was in-
creased radially from the pile and with depth from the ground
surface. The increase of E with depth is a known feature of
London clay. The increase of E radially suggests that distur-
bance due to installation reduces the modulus of the clay
immediately around the pile.
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The settlement of piles in any soil

The only satisfactory way of finding the amount a pile will
settle under load is by making a loading test. Of course,
previous experience with a particular type of pile in substan-
tially uniform soil in a limited area enables a prediction of the
settlement to be made when new piling work is undertaken,
and by collecting test results, an empirical system of design
rules can be evolved for the particular conditions.

It must be remembered that the settlement of a single pile,
no matter how it is determined, may bear little relationship to
the settlement of a foundation on a group of such piles (see
Chapter 10).

If possible, however, it is best to examine a pile design in
respect of both the bearing capacity and the settlement re-
quirements and to treat them as if they were separate and
unrelated, since the methods of approach to the solutions are
different. The final pile design would then be based on the
requirement demanding the larger factor of safety. It com-
monly occurs in foundation design that a factor of safety
adequate to ensure that failure of the soil does not occur is not
large enough to limit the settlement to an acceptable amount.

The choice of a factor of safety to ensure that the ultimate
bearing capacity is not exceeded

When the working load of a pile is obtained by computation
from a driving formula using a factor of safety F then

working load

computed load IF

But in Chapter 4 the ultimate bearing capacity by test loading,
i.e. the “real” load was related to the computed load by the

factor u where
real load

computed load Bl
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So for any pile for which w < 1/F, the real load will be smaller
than the working load. For any formula the curve given by a
probability plot of w (or log ), as discussed in Chapter 4, can
be used to develop a factor of safety for use with that formula.
It is assumed that the results from which the probability curve
is derived are sufficiently representative. From the probability
curve is read off the value of u (or log n) corresponding to any
chosen percentage probability of the piles having lower w (or
log n) values. Taking F = 1/u the value of F may be calcu-
lated. Using this factor of safety with the formula there is the
probability that the chosen percentage of piles will fail at their
working load. Values of F for the different formulae are given
in Table 4.3 for both the 23 and 5 per cent probabilities. If the
bias shown by the Hiley formula is removed, as discussed in
Chapter 4, F becomes 2-0 and 1-7 for the 2; and 5 per cent
probabilities respectively for this formula. The values in Table
4.3 were obtained from an assortment of timber, concrete and
steel piles in all kinds of soil and any bias shown by the
collection might not be the same as that occurring with piles of
one kind only in one type of soil.

With any formula, therefore, the value of F found statisti-
cally should be treated as a partial factor, and the factor used
in design should be increased to cover the possibility of the
mean of results on the given site being lower than the mean of
results in general, until loading tests enable the factor to be
checked.

To summarise; with a “good’’ driving formula on an average
site, using a factor of safety of 2, there is a risk of as many as 5
per cent of the piles being given working loads greater than
their actual bearing capacities. Statistical theory cannot sug-
gest which piles will be unsafe, and since if loading tests are
not made there is no assurance that the conditions are up to the
average, it is prudent to use a factor of safety greater than 2 in
such cases. Contingencies other than the errors in using a
driving formula may also need to be considered and the factor
of safety increased appropriately.
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If it is found that the pile offers a reduced resistance on
being redriven after a pause it is preferable to make loading
tests.

Thus, a factor of safety should be chosen having regard to
the nature of the soil, its variability over the site, and the
reliability of the method by which the ultimate bearing capac-
ity has been determined. Code of Practice 2004 (1972) recom-
mends that in general an appropriate factor of safety for a
single pile would be between 2 and 3. Lower values within this
range being applied where the ultimate bearing capacity has
been determined by a sufficient number of loading tests, or
where they may be justified by local experience; higher values
being used where there is less certainty of the ultimate bearing
capacity.

Whitaker and Cooke (1966) examined the results of their
tests on large bored piles statistically to give a guide to the
factor of safety required in practical design based on their
data. The standard deviations of f, and g, calculated from the
regression lines shown in Figs. 6.17(a) and 6.17(b) give coeffi-
cients of variation with respect to the mean values of f, and g,
of 16-0 and 17-9 per cent respectively. These are sufficiently
close for the value of 17 per cent to be taken for both.

Thus, in this case, the probability of 2; per cent of piles
having actual ultimate bearing capacities lower than that
calculated would result from the use of a “partial’”’ factor of
safety of

10 .
100—- (2% 17)

the 0-15 per cent probability limit is represented by a “‘partial”
factor of safety of

100 _

100-(3x17)

It cannot be assumed that the same coefficient of variation
would apply to another site. Differences in the construction
methods and other factors peculiar to the site may affect it

2.
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adversely. Further, the provision of a true margin of safety
against special demands in service, contingencies in construc-
tion and other risks requires the application of an additional
“partial” factor of safety.

There is no body of collected information from which a
value for this second “partial’’ factor might be derived, and its
magnitude will of necessity be governed by the designer’s
experience. The bearing capacity of bored piles is greatly
influenced by the amount of deterioration of the clay which
has occurred at the surface of the boreholes by the time the
concrete is placed, and this must be allowed for in the choice
of the factor of safety. The degree of disturbance due to
drilling, the thoroughness with which debris has been cleared
and the presence or absence of ground water in the base will all
affect the proportion of the load carried by the base. The
frictional resistance of the shaft will be similarly affected by
drilling disturbance and by wetting, and it is probable that the
longer the time the borehole remains open before concrete is
placed, the greater will be any detrimental effect. If the partial
factor of safety to cover these contingencies is placed at 1-5,
then the overall factor of safety for use in design would be 2-25
(i.e. 1-5x 1:5) to give a 2; per cent probability limit and 3 (i.e.
1-5x2) for a 0-15 per cent limit.

Whatever type of pile is used, the factor of safety will need
to be increased if a foundation is called upon to withstand
vibratory loads or large impact loads, or where the live load
forms a large proportion of the total load and has to be carried
for most of the time.

The choice of a factor of safety to limit the settlement
at working load

When a loading test is made on a pile with the object of
finding the load-settlement relationship, it must be remem-
bered that one loading test alone tells nothing about the
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variation to be expected between the piles installed on the site.
Differences in the behaviour of the piles can arise from the
inherent variability existing between piles due to small con-
structional differences and also from the variability of the
ground from point to point. Regrettably, there are hardly any
published data to guide the designer as to the variability
between supposedly identical piles in uniform soil conditions.
Information about the variability of the ground can be ob-
tained by a series of penetrometer or other form of in-situ
tests, and when this information is coupled with tests on piles
at appropriate points the behaviour of the remaining piles can
be estimated.

Whitaker and Cooke (1966) studied the load-settlement
relationships of large bored piles on one site in London clay
and established an empirical method of design to limit the
settlement of piles either with or without enlarged bases. The
load-settlement diagrams fell into a general pattern which may
be interpreted by reference to the behaviour of an incompres-
sible pile in an ideally elastic—plastic soil. Thus the mobilisa-
tion of shaft and base resistance with settlement may be
represented by the lines OAG and OBH respectively in Fig.
7.2 and the corresponding load-settlement curve of the pile by
OKClJ.

The resistances R, of the shaft and Q, of the base become
fully mobilised at A and B respectively and the ultimate
bearing capacity P, of the pile is reached at C, so that the
equation

P, =R, + Q. (7.5)
is represented by
B'C=A'"A+B'B

If each term of the right-hand side of Eq. (7.5) is divided by
the same factor of safety F, an incompatibility results, since
the terms R,/F and Q,/F represent resistances mobilised at
different values of settlement. With reference to Fig. 7.2, and
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FI1G. 7.2. 1dealised diagrams of shaft and base resistance versus settlement
and the corresponding load—settlement diagram of the pile.

taking as an example a factor F =3, P, /3 is represented by the
ordinate D'D to the load-settlement curve of the pile. The
quantities R, /3 and Q, /3 are represented by the ordinates E'E
and F'F to the frictional resistance and base resistance-
settlement curves respectively. Numerically D'D = E'E +
F’F, but this equation does not represent the physical state of
the pile, since points D', E’' and F' are not coincident. (In
practice the settlement of the base would be slightly smaller
than the settlement of the pile head by the amount of the shaft
compression.)

It follows that for a particular settlement of the pile, say
OD', which, for a working load D’'D, will mobilise a shaft
resistance D'M and a base resistance D'L, the factors by
which the ultimate bearing capacity and the ultimate shaft and
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base components of resistance should be divided, should all
differ, so that D'D =D'M + D'L.

vy _B'C .\, _A'A ,. B'B
Thus D'D = F,DM— F_\-'DL_ F,
and in general:
P._R., Q.
F_FY+F,, (7.6)

where F is the factor of safety applied to the ultimate bearing
capacity and F, and F,, which are termed load factors, are
applied to the ultimate frictional resistance of the shaft and the
ultimate bearing resistance of the base respectively. The
factors F, F, and F, are inter-related and of such magnitude
that the individual components of resistance are calculated for
the same settlement.

The expression: working load = R, /F, + Q./F, gives a sim-
ple method of design for bored piles in which the values of F,
and F, are chosen from experience. Skempton (1966)
suggested F, =1-5 and F, =3 for base diameters less than
1-8 m.

The parameters p,/d, and p,/d, may be used to express the
settlement behaviour of the shafts and bases of piles in
non-dimensional terms, where

p» = settlement of the pile head;
p» = settlement of the pile base;
d, = shaft diameter;
d, = base diameter.

Also R/R, and Q/Q, will express the degree of mobilisation of
the shaft and base resistances respectively. Any degree of
mobilisation may be represented by the load factors F, and F,,
where F, = R,/R and F, = Q,/Q.

When considering the shaft resistance-settlement charac-
teristics of a series of bored piles on the same site it may be
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assumed that the effects of soil properties and the dimensions
of the piles have been eliminated by the use of the two
non-dimensional parameters R/R, and p,/d,. Thus the differ-
ence between the curves of R/R, versus p,/d, for the indi-
vidual piles may be considered to be random. Whitaker and
Cooke (1966) found the mean curve for R/R, versus p,/d, of
the piles they tested and at each value of p,/d, the standard
deviation (o) of the values of R/R, from their mean value (F)
was calculated. At any value of p,/d, the probabilities of a
value of R/R, being less than (7 — o) or less than (7 — 20°) will
be 16 and 2; per cent respectively. Since R/R, = 1/F,, the
curve p,/d, versus 1/7 will give the mean relationship between
pnld; and F,, and the curve of p,/d, versus 1/(F — o) will give
for any value of p,/d, the value of F, which will be exceeded
in 16 per cent of cases. Similarly the curve of p,/d, versus
1/(F — 20) will give for any value of p,/d, the value of F, which
will be exceeded in 23 per cent of cases. The mean curve and
the 16 and 23 per cent probability limits from Whitaker and
Cooke’s results are shown in Fig. 7.3.

Whitaker and Cooke found in their experiments that the
bases of the bored piles formed by enlargement with an
under-reaming tool and carefully cleared of debris by hand had
resistance-settlement characteristics that were different from
those of piles where no enlargement was made and no hand
clearing carried out. The two types of base were therefore
treated separately. In a similar manner to that used for the
relationship between p,/d, and F, a mean curve of p,/d,
versus F, for enlarged bases and curves for the 16 and 2; per
cent probability limits were constructed and are shown in Fig.
7.4. The mean curve and the 16 per cent probability limit for
bases not enlarged is given in Fig. 7.5. The value of F, for
bases not enlarged at the 2} per cent probability limit is
approximately 30 for values of p,/d, between 0-1 and 0-5
per cent, and a curve for this limit has therefore not been
given. With such a high value of F,, the contribution of the
base would have little significant effect on design calculations.
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FiG. 7.3. Graph for shafts of large bored piles in London clay with or without

enlarged bases, showing the mean relationship between F, and p,/d, and the

16 and 2} per cent limits of probability of variation of this relationship in
experimental results.

To use these curves in design, the dimensions of the pile are
first chosen and estimates of R, and Q, are made. For this
purpose it is sufficiently accurate to take R, = aCA, and
Q. = N.c,A,. 1t is assumed as a first approximation that the
settlement of the pile base is equal to the settlement of the
head and the parameters p, /d, and p,/d, appropriate to the pile
dimensions and the chosen value of settlement are calculated.
A value of F, and an approximation to the value of F, are
obtained from the curves of p,./d, versus F, and p,/d, versus
F, appropriate to the chosen probability limits. The frictional
resistance and base resistance at the working load given by
these values of F; and F, are calculated, the shaft compression
estimated and a more correct value for the base settlement
obtained by allowing for the shaft compression. With the new
value for p,/d, a more correct value of F, is found. The
process of successive approximation can be repeated as neces-
sary to give values of F, and F, sufficiently accurate for the



07

06

05

Po/dy %

02

01}

041

031

THE CHOICE OF A FACTOR OF SAFETY 119

F1G. 7.4. Graph for bases in London clay formed by enlargement with an
underreaming tool and carefully cleared of debris by hand, showing the mean
relationship between F, and p,/d, and the 16 and 2} per cent limits of

07

06|

probability of variation in experimental results.

FiG. 7.5. Graph for bases in London clay which are not enlarged and are left
as cleared by the auger, showing the mean relationship between F, and p,/d,
and the 16 per cent limit of probability of variation in experimental results.
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purpose in hand. An average value of E for calculating the
shaft compression of a bored pile is E =20-7 kN/mm’.
The design is based on the equations

P, =R, +Q. (7.5)
P._R. Q.
F=F*E (7.6)

Solving these equations simultaneously

— Fth(] +Ru/Qu)

F=F®R.JI0)+F

(1.7
Thus, the “overall” safety factor F for design can be
calculated.
It is necessary to examine whether the curves of Figs. 7.3,
7.4 and 7.5 are applicable to other sites in London clay.
The mean settlement of a base at any depth D in a
weightless elastic medium is given by the equation

p=2(1-v%1,.qB/E

where g = the average pressure on the base;

B = the width of the base;

v = Poisson’s ratio of the medium;

E = Young’s modulus of the medium;

I, = a factor dependent on the shape, rigidity and the

ratio D/B of the base.

For the case in question I, may be considered to be
constant. Thus it may be assumed that the immediate settle-
ment of a circular pile base in clay is related to the pressure,
diameter and soil properties by an expression of the type

p = qub/E (78)

The symbol K contains the terms v and I, and since it may be
assumed that » will be constant for London clay and I, is
constant, then K will be a constant.
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Thus
_Kq dv
- q“ E QM
where g, is the ultimate value of g. Therefore
-KQ 4y
0. E N.c,

If p is the settlement for a load factor F,, so that F, = Q. /Q,
then
_ Kd,N.
P =F.Elc,

If, therefore, for the sites under consideration the ratio E/c,
is constant, the settlements of bases of the same dimensions
will be equal when the same load factor F, is used. Similar
reasoning may be applied to the frictional resistance of shafts
of the same dimensions to show that if E/¢ is constant the
settlements will be equal when the same load factor F; is used.
Now it has been shown by various workers that there is an
approximately linear relationship between the shear strength
and Young’s modulus of London clay, i.e. E/c = constant
(Skempton and Henkel, 1957; Ward, Samuels and Butler,
1959). Thus, until an adequate theory is developed for the
settlement of a pile relative to the soil properties, it may be
taken that the immediate settlements of piles of the same size
on different sites in London clay are of the same order if the
same pairs of load factors F, and F, are used.

To cover the lack of precision in the above approach,
differences in constructional techniques, and contingencies
arising on the site, particularly those which affect the soil in
contact with the pile, it is advisable to incorporate an addi-
tional partial factor of safety, as in the case of the bearing
capacity requirement. If the constructional conditions are
markedly different from those employed by Whitaker and
Cooke, as for example when concrete is placed into water,
then their design data will not be applicable.
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The load-settlement diagrams of piles without and with
enlarged bases are represented in Figs. 7.6(a) and (b) respec-
tively. A factor of safety of 2 would give working loads that
are represented by points A on the total load curves. Examina-
tion of the ordinates through the points A shows that practi-
cally the whole of the working load is taken by the shaft

Total
Shaft
bl
3
S| A
Base
Settlement
(a)
Total
Base
-]
©
S /A
V Shaft
Settlement

(b)

FI1G. 7.6. Load-settlement diagrams for piles in clay; (a) a pile with no base

enlargement, (b) a pile with enlarged base, each showing the contribution by

the shaft and the base. Points A indicate the working loads at a factor of safety
of 2.
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resistance in the case of pile (a) and thus the shaft resistance—
settlement relationship determines the settlement of the pile.
In the case of pile (b) the ordinate cuts the shaft resistance
curve at a settlement greater than that at which full mobilisa-
tion of shaft resistance occurs. Thus for this pile, if P, is the
working load and Q. the working load on the base, Q. =
P, — R, and the settlement needed to mobilise the base load
Q. will be the settlement of the pile.

Consideration of this behaviour led Burland, Butler and
Dunican (1966) to suggest a simple design method for piles
with enlarged bases that involved the use of two stability
criteria, namely:

R.+ Q.

P. < F (7.9)
QM

Pw = Ru + F), (7.10)

Equation (7.9) imposes an overall factor of safety, while
(7.10) gives an additional assurance that the factor of safety in
end-bearing is not exceeded when the shaft friction is fully
mobilised. The lower of the two values for P, is used.

Burland, Butler and Dunican also suggested a simple method
of predicting the settlement of piles with enlarged bases in
London clay. They found that when the load-settlement data
from plate bearing tests made at different depths were plotted
in terms of the non-dimensional quantities p,/d, versus q/d..
an approximately linear relationship was obtained up to
q/q. = 1/3 for any given site. Thus:

pb/dh:Kq/qu (7.11)

The value of the constant K for q/q. = 1/3 was between 0-01
and 0-02. Burland and Cooke (1974) have extended this study
and have shown that all the curves given by Whitaker and
Cooke (1966) for Q/Q. versus p,/d, lie between values
K =0-005 and 0-02 for Q/Q. (= gq/q.) = 1/3. They conclude
that K = 0-02 may be taken as a conservative limit and that with
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good workmanship the settlements may be in the order of
one-half of those calculated with K = 0-02.

If a pile to carry a specified load is to be designed, a series of
trial calculations would normally be needed to obtain a design
giving an acceptable settlement. Burland and Cooke (1974)
recommend that when a number of piles have to be designed
for a given site it is quicker and easier to achieve a balanced
design if a set of design charts is prepared for the site and they
have given an example of how the charts may be constructed.
For this example they have taken the site giving the soil profile

160001  gp.¢¢ diameter = 1-5m

Depth 15m

14000

T

T

12000

10000
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T

Load - kN

6000}

40001

2000}

0 1 2 3 4 5
Base diameter - metres

F1G. 7.7. Graphical representation of the two stability criteria for piles with
various base diameters, the solid line being the acceptable working load. The
ultimate bearing capacity is also shown.
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shown in Fig. 6.20 and have calculated the working load and
settlement of piles with shaft diameter 1-5 m having various
base sizes and depths to base for the criteria given by Egs.
(7.9) and (7.10). They assumed a =0-45, K =0-02, F =2 and
F, =3. Fig. 7.7 illustrates the case of piles 15m deep with
various base diameters. The intersecting curves represent the
two criteria and the smaller ordinate shown by a solid line
is the value to be taken as the working load. Plots of
load-settlement for each base diameter are made and from
these points are taken to enable settlement lines to be con-
structed as in Fig. 7.8. The settlement lines to the left of the
working load curves represent designs corresponding to loads

160001  gpa¢t diameter =1-5m

Depth 15m
K=0:02

T

14000

12000

10000}~

8000

T

Load - kN

6000}

T

4000

2000

0 I s A L
0 1 2 3 4 5

Base diameter - metres

F1G. 7.8. As Fig. 7.7, but with lines of equal settlement added.
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greater than the allowable working loads. All settlement lines
converge on the load axis at a load equal to R, for a pile the full
depth with no base contribution. Working load criteria curves
such as that given in Fig. 7.7 are shown in Fig. 7.9 for different
pile depths. On these the points of intersection of the settle-
ment lines from diagrams such as Fig. 7.8 have been inserted
and the points of equal settlement joined forming a series of
contours of settlement at various working loads. From a chart
such as Fig. 7.9 the relative merits of controlling settlement by
increasing base diameter or increasing depth can be quickly
assessed.

Shaft diameter = 1:5m

12000
( K=0-02

T

10000

8000}

6000}

4000+

Maximum design load - kN

2000

(o] 1 2 3 4 5 6
Base diameter - metres

F1G. 7.9. Working load criteria lines for piles of different depths and base
diameters, with contours of settlement at working load.



CHAPTER 8

PILES IN SOFT SOILS

The buckling of slender piles

It has long been known that piles of normal dimensions
driven through soft soil to end bearing on some strong underly-
ing stratum do not buckle under load, provided the soil has
some shear strength and is not merely liquid mud. In recent
years very long and slender steel piles have been used. In one
case in Norway underpinning was done with 30-5 m long piles
made from flat bottom rail 12 cm wide and 11-6 cm high, the
design load being 697 kN (Bjerrum, 1957). The clay had an
in-situ shear strength (by vane test) ranging from about 14-3 to
33-5kN/m’ with a sensitivity from about 240 to 40.

For an elastic strut in an elastic medium Timoshenko (1907)
showed that

P..= P, (n2+%) @.1)

where P., = the critical or buckling load of the strut;
Pr = the Euler critical load in air;
n = the number of half sine waves in the buckled form
of the strut;
L = the strut length;
k = the coefficient of lateral reaction of the medium,
i.e. the resisting force per unit length of the strut
per unit lateral deflection;
kL*
B = Er
In Eq. (8.1) P, is a minimum when n = B*,
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The minimum value of P, is therefore
P.. =2P.B*=2(kEI): (8.2)

Thus, the buckling load is not determined by the pile length,
but by the coeflicient of lateral reaction of the soil and the
value of EI. Model tests by Bergfelt (1957) show that Eq. (8.2)
applies reasonably well for piles driven through soft clay even
though the clay is not an ideally elastic medium.

If A is the cross-sectional area of the pile and p is the yield
strength of the material, then if P..> Ap the pile will fail by
crushing and will not buckle.

Substituting for P., from Eq. (8.2) gives

k =p*A*l4EI (8.3)

For 202 mm X 202 mm X 53-6 kg/m universal bearing piles
A?*lI =2-67. If the piles are of mild steel having a yield
strength p = 0-248 kN/mm’ and E = 206-8 kN/mm?’, then buck-
ling will just occur when k =196:5 kKN/m’. If the piles are of
high yield steel, so that p =0-355kN/mm’ and E =
206-8 kKN/mm’, the piles will buckle when k = 405-4 KN/m’. For
254 mm X 254 mm x 84-8 kg/m universal bearing piles the val-
ues of k at which buckling will just occur are 200 and
413 kN/m’ for mild steel and high yield strength steel respec-
tively. Bjerrum (1957) states that for Norwegian clays with
piles of typical length and width, k varies from 689 to
4137 kN/m’. Thus steel piles of the sections considered are not
likely to buckle in the soft soils normally encountered, unless
there is some initial out-of-straightness giving a predisposition
towards buckling.

The buckling behaviour of an elastic pile in an elastic soil
which increases in stiffness with depth was examined theoreti-
cally by Francis et al. (1963), who found surprisingly little
difference between this and the case of a homogeneous elastic
soil. In practice, however, both pile and soil are substantially
elastic-plastic in behaviour, and a complete theoretical treat-
ment of this problem is not at present available.
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The derivation of k for an ideal elastic soil was made by
Granholm (1929) who found

_ 87G
k= 2+log(647*EI/B*) —log k 8.4)
where G = the rigidity (shear modulus) of the soil;
B = the width of the pile.
Glick (1948) gave the following value for k:
K = 1 87w (1-2v) 8.5)

m, 1-133—4v)[2log 2L /B) — 0-443]

where m, = the modulus of volume compressibility of the soil;
v = Poisson’s ratio of the soil;
L = the length of the pile;
B = the width of the pile.

Gibson (1952) suggested that k has two values, one, k,
applicable to rapid or instantaneous loading and the other as
given by Glick which is applicable to a condition of sustained
loading.

Gibson found
K = 87(1—v)E,

" 1113(1 + v)(3—4v)[2log (2L /B) —0-443]

(8.6)

where E; = the compression modulus (Young’s modulus) of
the soil in a quick test such as the unconfined
compression test.

Negative skin friction

In large areas of the Netherlands it is common practice to
carry structures on piles driven through weak soils, that often
include beds of peat, to a bearing stratum of dense sand below.
A layer of sand is generally put over the natural ground to
bring the surface to an acceptable level and this filling may be
placed first and the piles driven through it, or it may be placed
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after the piles have been installed. It has been found in these
conditions that a pile which shows an acceptably small settle-
ment under a test load may settle when in use to a far greater
amount than the test would suggest.

Consider a case where the soil is naturally consolidated,
with the ground water level at the surface before the filling is
placed and assume that installation of the pile does not disturb
this condition. The pore water pressure plotted as abscissa
from a vertical line AB will be represented by AC in Fig. 8.1.
If a layer of filling AD is now placed, the pore pressure will rise
as represented by the line AEC, it being assumed that the
bearing stratum below B and the fill above A are both
free-draining. As this excess pore water pressure dissipates,
consolidation of the weak stratum takes place and it settles.

At the place where a pile has been driven, the downward
motion of the soil to the full distance is resisted by skin friction
at the surface of the pile, the soil layers forming a cusp as
indicated in Fig. 8.2. The downward drag of the soil on the pile
is called negative skin friction, and is resisted by positive skin
friction on the shaft BF in the bearing layer and by the point
resistance.

Suppose a pile to have a load-settlement diagram as in Fig.

D.
A . .
NN Clay
\ A
\ A
\\ \\E
Vo
T__Excess pore
\ pressure
N
NI
B CN

F1G. 8.1. The pore water pressure-depth relationship in a bed of clay between
layers of sand, showing the excess pore pressure caused by placing the layer
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F1G. 8.2. Settlement of the soil around a pile due to consolidation.

8.3, determined by test loading, which shows a settlement S
for an applied load P. The broken line represents the contribu-
tion due to base resistance. The shaft resistance in the bearing
stratum is included as part of the base resistance for conveni-
ence. When negative skin friction equal to P’ occurs, the load
P + P’ has to be carried on the base. This would produce a
settlement S’, which may well be unacceptable.

—_
_
P+P e fm e =
/v/\ Base resistance
!
® P S
] I

- "/ :
o

T :

/| |

7/ |

1 1
S S’

Settlement

Fi1G. 8.3. The load-settlement diagram determined in a test and the base

resistance-settlement diagram of the same pile. A test load P causes a

settlement S, but with negative skin friction P’ the whole load P + P’ is carried
by the base, causing a settlement S’'.
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Due to negative skin friction some part of the soil weight
in a zone around the pile is carried by the pile and does
not contribute to overburden pressure at the level of the
pile base, thus reducing the ultimate bearing resistance of the
base.

In the case where the pile settles in the bearing layer due to
the applied load and the load due to negative skin friction,
there will be some point in the pile above which the soil moves
downward relative to the pile, and below which the pile moves
downward relative to the soil. Theoretical studies have been
made by Buisson, Ahu and Habib (1960) of the behaviour of a
single pile in these conditions.

Fellenius (1971) made a full-scale investigation on two
segmental reinforced concrete piles (Hercules system) fitted
with load measuring cells at a number of levels and driven
through 40 m of uniform normally consolidated clay into silt
and sand. The piles stood unloaded for a year and during the
first 6 months the excess pore pressures caused by driving
dissipated, the clay reconsolidated and settled 2 to 3 mm
causing a down drag of 400 kN, corresponding to 25 per cent of
the original undrained shear strength. Further regional settle-
ment of about 2 mm per year caused additional down drag of
150 kN. When a load of 440 kN was applied to the pile head the
negative friction in the upper portion of the pile was at first
eliminated but continued to develop until after 2 years a total
load of 800 kN was observed.

Johannessen and Bjerrum (1965) and Bjerrum et al. (1969)
as a result of field tests, suggested that negative skin friction
should be calculated from f, = Kp tan¢ where f, is the
negative friction per unit area at the depth where p is the
effective overburden pressure, with the value of K tan ¢ taken
as 0-3. Field measurements have shown values of K tan ¢
ranging from 0-20 to 0-28, according to Fellenius. Burland
(1973) suggested that the effective stress method for calculat-
ing the skin friction of piles in soft clay may also be applied to
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problems of negative skin friction, with the value 8 =0-25
taken as the upper limit in calculations as outlined in Chapter
6. It will be seen that Bjerrum’s and Burland’s methods are
identical.

The important point demonstrated in the tests made by
Fellenius is that transient loads, unless greater than twice the
down drag, will add nothing to the pile base load, but will
simply cause reversal of the direction of the frictional force on
the shaft. Thus transient loads should be treated separately
from the dead and down drag loads in the design of a pile
foundation.

Various methods have been proposed for reducing negative
skin friction, including electro-osmosis and the use of bitumen
coatings. Bjerrum et al. (1969) compared these two methods
and found the latter to be the more efficient. The bitumen, of
80-100 penetration, was applied in a 1 mm thick coating and
was found to reduce down drag by more than 90 per cent.
Fellenius (1971) points out that the important factor is to
ensure that after installation the coating remains intact. It can
involve large extra costs and he recommends that the method
should not be used unless proved necessary by a detailed
study.

A structure is generally supported on a group of piles and
the evaluation of negative skin friction in these circumstances
is of more practical concern to the designer than the case of
the single pile. The simplest approach to the problem of the
negative skin friction affecting pile groups is that of Terzaghi
and Peck (1967). If A is the area covered by a group of n piles
(Fig. 8.4), S the perimeter of the group, and h, is the depth of
filling of density y causing consolidation in the underlying bed
of clay of depth h, of shear strength s, then assuming that the
weight of the fill over the area A is carried by the piles, the
additional load per pile, Q’, is given by

Q' = Avhi/n
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FiG. 8.4. A pile group subject to negative skin friction.

The maximum down-drag on the group due to downward
movement of the bed of clay will be Sh,s, giving a load per pile

Q"= Shys/n

If Q is the applied load per pile and Q, the actual load
carried by each pile to the bearing stratum, then, for the
condition of maximum negative skin friction:

Q=0+Q'+Q"



CHAPTER 9

PILE TESTING

Inspection during installation

The first test applied to a structural component installed
above ground is to look to see if it is there. With a pile this is
not possible and the installation operation should therefore be
watched by a supervisor or inspector. A reputable contractor
welcomes the presence of a competent inspector, for if the
ground conditions are variable a person who is detached from
the mechanical problems of installation may observe faults in
time for corrective measures to be taken.

Checking the position of a pile in plan and its verticallity or
rake should be part of the inspector’s duties concurrent with
observing its installation. Where displacement piles are driven
through cohesive strata to form groups, as successive piles are
driven the previously driven piles should be surveyed to
determine any lateral displacement and both the soil surface
and the piles should be checked by levelling to detect heaving.
About half the volume of the piles installed in clay will appear
as heave at the surface within the boundaries of the group, the
remainder as heave in the surrounding ground. The amount of
heave of the soil at any point down the length of the pile is a
function of the volume of pile installed below that point. With
a pile installed entirely in clay, the heave will thus vary from
zero at the pile base to a maximum at the ground surface in an
approximately linear manner. The action of heave on a pile
already in position is thus one of stretching and if the pile is
rigid it may be lifted so that its base is no longer in contact with
the soil. A cast-in-place pile subjected to this stretching action
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may be ruptured if partially set and without adequate tensile
strength to resist the forces. In some soils the lateral displace-
ment of previously driven piles may not cease when driving
ceases, but may go on for some weeks after the pile group is
complete.

If a driven pile hits an obstruction such as a large boulder, it
may be deflected and caused to buckle or break. Any indica-
tion that this has happened may not be noticed by the driving
rig operator, who would continue driving with the expectation
of reaching a “‘set” in the normal way. With a long steel H pile
it is good practice to provide a small duct down the length of
the pile by welding an angle, channel or tubular section against
the web as in Fig. 9.1. The straightness of the pile after
installation is determined by lowering an inclinometer down
the duct. A tube can be cast into a precast concrete pile for the
same purpose. With a shell pile the interior can be inspected,
but of course the pile is not complete until the concrete core
has been placed.

(c)

F1G. 9.1. Cross-sections of steel bearing piles with (a) channel, (b) angle and
(c) tubular sections welded in place to form ducts.
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In any pile formed by dropping concrete down a borehole or
shell there is a risk of the concrete arching against the sides or
the reinforcement. A careful check should be kept of the
volume of concrete put in to ensure that the full volume of the
bore is accounted for. In a bored pile that is badly made there
may be a reduction of the shaft diameter by soil closing into
the bore, commonly called *“‘waisting” or ‘‘necking”, or con-
tamination of the concrete due to inflowing water which may
have carried soil with it, or there may be gaps in the concrete
of the shaft. There is no doubt that prevention is the only real
solution to concreting problems and money that might other-
wise be spent in testing after construction is better employed
in supervision, education and good workmanship.

Testing the condition of a pile after installation

The traditional ways of dealing with a doubtful pile have
been to pull or dig it out, or to make a loading test upon it.
These methods are direct and suitable for driven or bored piles
of normal size, but with the introduction of the large bored
pile, attention has been paid to other forms of testing for
reasons of economy.

Tests for the structural integrity of bored piles are of two
types: those which may be applied to an existing pile that is
suspect, and those which require the provision of the means of
testing at the time of construction.

Drilling a hole down the shaft will indicate the presence or
absence of concrete on the line of the bore, but it is difficult to
maintain direction and to determine the location of the
borehole in the pile. Resistance to drilling gives some measure
of concrete strength and if a coring drill is used the material
encountered can be assessed by inspection of the core. Inspec-
tion of the sides of the bore by closed circuit television camera
will reveal cavities or fractures or changes from concrete to
soil, but cloudy water in the hole obscures vision. The profile
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of the borehole may be determined by borehole callipers, an
increase in diameter at any point indicating either overbreak
due to weak material or a cavity.

A vibration test has been developed by the Centre
Expérimental de Recherches et d’Etudes du Batiment et des
Travaux Publics (C.E.B.T.P.) and has been described by Davis
and Dunn (1974). An electro-dynamic vibrator of 100 watts
output, the frequency of which may be varied from 0 to
1000 Hz is mounted on the head of the pile which must be
made roughly perpendicular to the pile axis and preferably
level with the ground. The amplitude of vibration and thus the
force (F,) is kept constant irrespective of the frequency (f). A
velocity transducer mounted separately monitors the vertical
velocity of the pile head. An X-Y recorder is used to plot a
signal proportional to mechanical admittance |V, /F,| versus a
signal proportional to f as the frequency is slowly varied from
about 20 to 1000 Hz.

When a tall cylinder standing on an elastic base is vibrated
as described by a constant force, resonance occurs at frequen-
cies that are equally spaced, the intervals Af being equal to
v./2L where v. is the compressional wave velocity in the
material and L the length of the cylinder. When the base is
rigid the first resonance occurs at a frequency v, /4L and if the
base is infinitely compressible the frequency of the first
resonance is very low, as shown in Fig. 9.2. For bases of
intermediate compressibility the lowest resonant frequency
lies between 0 and v./4L.

For a normal pile embedded in soil the movement is damped,
the curve of |V,/F,| versus f having a shape which would
ideally be as in Fig. 9.3. Interpretation of this graph enables a
number of physical properties of the pile to be inferred. Since
Af = v.[2L the determination of v. from tests on representa-
tive samples of the concrete enables L to be calculated. This is
the pile length to the first discontinuity, which may be a break
or neck, a bulb or a large bulge on the shaft. The mass of the
pile M, may be found from M, = LA;y. = 1/(2AfN), where
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F1G. 9.2. Idealised graphs of mechanical admittance versus frequency, show-
ing the effect of base compressibility on resonance. (a) rigid base, (b)
intermediate elastic base, (c) infinitely compressible base.

v. = the density of the concrete and N = (PQ)! = the mean
value of |V, /F,|, P and Q being the maximum and minimum
values respectively of |V,/F,| as shown on Fig. 9.3. The
inverse of the slope of the initial portion of the curve gives a
measure of the apparent pile head stiffness E'=
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F1G. 9.3. Idealised graph of mechanical admittance versus frequency for a
pile in soil.

27ful|V,|F,|u, where fu and |V, /F,|s are the coordinates of
point M on the curve. By comparing the stiffness of a pile with
the average stiffness of piles of the same size on the same site
it is possible to infer the importance of any faults. Davis and
Dunn suggest that pile head stiffness is related to the initial
slope of the load-settlement curve in a loading test.

The vibration method is generally limited to piles of L/d <
20, although bearing piles installed through soft deposits may
respond up to L/d = 30. From 25 to 40 piles can be tested per
day, the preparation required being the bush-hammering of the
top surface and the bedding of small steel plates in epoxy resin
to form the seats for the vibrator and velocity transducer.

Of the tests that require anticipation at the time the pile is
constructed, the sonic method developed by C.E.B.T.P. is now
in industrial use in the field, particularly in Western Europe. In
this method two or more steel or PVC tubes of about 40 mm
internal diameter are attached to the reinforcement cage at
equally spaced intervals around the pile and stretching the full
length of the pile. The tubes are filled with water and a
transmitter giving a vibration of 12-5 Hz is lowered down one
tube and a pick-up down another at the same level. The
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transmission time across the intervening material between the
tubes is displayed as the X coordinate on an oscilloscope, the
Y coordinate being the distance down the tube registered by a
potentiometer attached to the winding gear for lifting and
lowering the transducers. Steps or breaks in the transmission
time-depth profile indicate a change of material or a void and
by selecting the tubes in appropriate pairs the transmission
paths can be arranged to give the maximum coverage of the
cross section.

Preiss (1971) has described a method based on gamma
radiation which could employ transmission between the source
and a detector lowered down a pair of tubes as in the sonic
method, but since the transmission distance must be limited to
about 600 mm, otherwise an intense source of radiation would
be required needing elaborate safety measures, a backscatter
method is preferred. In this method the probe contains both
the source and the detector, one above the other and shielded
from each other, and fits into a 50 mm tube. The backscattering
takes place in the material within a 125 mm radius and the
probe responds both to the density and chemical composition
of the material, but primarily to its density. A high reading
indicates a low density material which may mean a defect. The
method has been widely used in Israel. Correlative tests have
been made and no case was found where the test method
missed a fault subsequently found by core drilling or excava-
tion of the pile.

Integrity testing by drilling, vibration, sonic or radiometric
probing gives no direct indication whether or not any observed
defect will materially affect the behaviour of the pile under
load. Some idea of the area of the cross section affected may
be obtained and the engineer must decide whether this is
serious or not, but there is no available knowledge to help him
about the defects existing in piles that are known to behave
satisfactorily.

Putting a pile shaft under longitudinal compression by jack-
ing the head of the pile against a tension member anchored in



142 THE DESIGN OF PILED FOUNDATIONS

the base and installed at the time of construction, has been
put forward as a test for integrity by Moon (1972). By using
sleeved rods or a looped cable in a duct it is possible to recover
some or all of the tension members after the test.

It is often most expedient to make a loading test on a
doubtful pile. A loading test is not, however, a proof that the
construction is as specified. If “successful” it merely shows
that the construction beneath the visible pile head is capable of
mobilising the resistance of the ground to the required extent.

Loading tests

A loading test is made usually for one or other of the
following reasons:

1. To determine the load-settlement relationship, particu-

larly in the region of the anticipated working load.

2. To serve as a proof test to ensure that failure does not
occur before a load is reached which is a selected
multiple of the chosen working load. The value of the
multiple is then treated as a factor of safety.

3. To determine the real ultimate bearing capacity as a
check on the value calculated from dynamic or static
formulae, or to obtain information that will enable other
piles to be designed by empirical methods.

Very many loading tests are made for the first of these
reasons and when this has been accomplished the loading may
be increased and the test continued for the second or third
purpose.

Loading systems

The following methods are used for providing the load or
downward force on the pile to be tested.

(a) A platform is constructed on the head of the pile on

which a mass of heavy material, which is referred to as
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“kentledge” is placed. This is shown diagrammatically in
Fig. 9.4. The load must be placed with care to obtain an
axial thrust. Safety supports in the form of wedges or
packings a little distance below the platform are needed
on which the platform can rest to prevent the load
toppling should the platform become displaced out of
level as the pile settles. The method is cumbersome and
is used only in exceptional cases.

(b) A bridge, carried on temporary supports, is constructed

©)

over the test pile and is loaded with a mass of heavy
material. The ram of a hydraulic jack placed on the head
of the pile bears on a crosshead beneath the bridge
beams, so that a total reaction equal to the weight of the
bridge and its load may be obtained. This is shown in
Fig. 9.5.

Anchor piles capable of withstanding an upward force
are constructed on each side of the test pile, with a beam
tied down to the heads of the anchor piles and spanning
the test pile. A hydraulic jack on the head of the test pile
obtains a reaction against the under side of the beam
(Fig. 9.6). This is sometimes called the ‘“bootstrap”
method.

Blocks of concrete
//or cast iron forming
kentledge

Platform~\\ XzZ 7 S i e o e Wedges or

packing

| ]
: : Pile head
[

Fi1G. 9.4. Arrangement for carrying kentledge directly on the pile head.
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F1G. 9.5. The reaction for a hydraulic jack on the pile head is provided by
kentledge supported above the pile.
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F1G. 9.6. The reaction in this arrangement is provided by anchor piles.
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The supports in method (b) should be preferably more than
1-25 m away from the test pile, and in method (¢) any anchor
pile should be at least 3 test pile diameters from the test pile,
centre to centre, and in no case less than 1-5 m. When testing
piles with enlarged bases the spacing should be twice the base
diameter or four times the shaft diameter of the test pile,
whichever is the larger, from the centre of the test pile to the
centre of any anchor pile.

In method (a) the applied load is determined by weighing the
platform and the material placed on it. In methods (b) and (c) it
is advisable to use a load measuring device. If this is not
possible the load on the jack ram may be calculated from the
hydraulic pressure of the fluid in the jack, but if this method is
used the jack with its pressure gauge should be calibrated in a
testing machine under a full cycle of loading. Friction due to
corrosion and wear of the jack ram and ageing of the sealing
ring can cause large errors. Friction can be reduced to an
acceptably low level only by maintaining the jack in good
condition and by taking care to ensure that there is no
eccentricity of loading, nor tilting of the surface against which
the ram bears that could cause the ram to bind in the bore of
the jack. Corrosion is prevented and ram friction considerably
reduced by chromium plating and grinding the cylindrical
surface of the ram.

The measurement of settlement

The settlement of the test pile may be measured by direct
levelling with a surveyor’s level and staff to determine the
movement of the pile head with reference to a fixed datum. It
is preferable to make a check to a duplicate datum. Apart from
the skill of the operative, the accuracy will depend on the
quality of the apparatus and the length of the sight which must
be made, but a precision of reading of at least 1 mm is required.
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Alternatively, the movement of the pile head may be meas-
ured by dial gauges attached to a beam that is supported on
two foundations which are sufficiently far from the test pile
and the reaction system to be unaffected by the ground
movement. The dial gauges should read to 0:02 mm and should
be arranged in contact with a small disc of machined steel, or a
piece of plate glass, bedded on the pile head or on a bracket
clamped to the pile. The gauges may alternatively be fixed to
the pile and make contact with suitable surfaces on the
reference beam. The beam foundations may move appreciably
even when 5 m away from the pile if the loading is by method
(b), especially if the ground is soft and in such a case a deep
datum point should be sunk at each end of the beam to the
resistant stratum in which the pile point is embedded, as in Fig.
9.7. Movements of the beam ends are measured with reference
to the datum points by dial gauges. It is of little use levelling on
to the ends of the reference beam from a datum since the
overall accuracy is then that of the levélling method.

Testing procedures

The maintained load test

This is the usual method of making a pile loading test if a
diagram showing the relationship between load and settlement
is required. The procedure is to apply the load in stages, the
load at each stage being maintained constant until the resulting
settlement of the pile substantially ceases before increasing
the load to the next higher stage.

Suppose a pile is to be loaded to twice the proposed working
load, using a hydraulic jack and reaction system. The total load
to be applied is divided into a convenient number of stages, so
that the increments of load are about 25 per cent of the
working load, although the first one or two increments may
with advantage be larger and later ones smaller. Each incre-
ment of load is applied as smoothly and expeditiously as
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possible and simultaneous readings of time, and the load and
settlement gauges are taken at convenient intervals as the load
increases. When the load for the stage is reached, time and
settlement gauge readings are taken and the load is then held
constant, settlement gauge readings being made at intervals of
time which may be made progressively longer. A plot of
settlement versus time should be made as the test proceeds
and the slope of the resulting curve will give guidance as to
when the load should be increased to the next stage. According
to Code of Practice 2004 1972 a rate of movement of 0-1 mm in
20 minutes may be taken as the limiting rate. A.S.T.M.
D1143—57T requires a rate of settlement less than
0:305 mm/hr or until 2 hours have elapsed, whichever occurs
first.

Usually the test proceeds with stages of loading to the
maximum load, although it is not uncommon to unload the pile
completely on completion of a stage at the proposed working
load and hold the pile without load until the rise or ‘“‘rebound”
substantially ceases. The pile is then reloaded directly to the
working load or to the next higher stage and the test continued.
The unloading of the pile from the maximum load is carried out
in stages, with a pause at each stage until the rebound
substantially ceases before unloading to the next stage.

The result of a maintained load test is plotted as in Fig. 9.8,
giving the curves of load and settlement versus time and of
load versus the maximum settlement reached at each stage of
loading. The unloading of the pile is also plotted to complete
the cycle of loading.

Clearly, if the stages of loading are terminated before
settlement has ceased, the true equilibrium relationship be-
tween load and settlement is not obtained. Furthermore, it
often occurs in practice that the pauses are varied in length
from one stage to another to suit the convenience of the
operators, causing the resulting load—settlement curve to be
irregular. With piles which are end bearing in sand or gravel,
for which the shaft resistance is not a major component, the
load-settlement curve may approach the equilibrium condition.
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F1G. 9.8. Method of presenting the result of a maintained load test, giving
plottings of load and settlement versus time and of load versus the maximum
settlement at each stage of loading.

The maintained load test for determining ultimate bearing
capacity.

The maintained load test is commonly used to determine the
ultimate bearing capacity of a pile. An estimate of the ultimate
bearing capacity must first be made so that a suitable reaction
system may be provided. It is also necessary to define some
physical event by which the ultimate bearing capacity, usually
called “failure”, can be recognised when that point is reached.

There are many definitions of failure; two well-known ones
are:

(a) failing load is that which causes a settlement equal to 10

per cent of the pile diameter:

(b) failing load is that at which the rate of settlement
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continues undiminished without further increment of
load unless this rate is so slow as to indicate that
settlement may be due to consolidation of the soil.
Definition (a) is usually attributed to Terzaghi (1942), al-
though Terzaghi’s actual statement was . . . failure load is not
reached unless the penetration of the pile is at least equal to 10
per cent of the (diameter of) the tip of the pile. At smaller
penetrations not more than a fraction of the ultimate point
resistance of the pile has been mobilised”. Definition (b) was
given in Civil Engineering Code of Practice No. 4 (1954), but
because it is difficult to identify the point at which failure
occurs when this definition is used, particularly with piles in
cohesive soil, Code of Practice 2004, 1972 recommends the
Constant Rate of Penetration test as being the more suitable.

The constant rate of penetration test for determining ultimate
bearing capacity

This test was developed by the author for model piles
(Whitaker, 1957) and it has proved equally useful for full-scale
work. For convenience the test is called the C.R.P. test
(Whitaker and Cooke, 1961; Whitaker, 1963; Code of Practice
2004, 1972).

To understand the test it is helpful to regard the pile as a
device for testing the soil, and the pile movement as the means
of mobilising the resisting forces. The definition of ultimate
bearing capacity applicable to the test is thus:

The ultimate bearing capacity of a pile is that load at
which the full resistance of the soil becomes mobilised.

In carrying out the C.R.P. test, the pile is made to penetrate
the soil at a constant speed from its position as installed, while
the force applied at the top of the pile to maintain the rate of
penetration is continuously measured. The soil supporting the
pile is stressed under conditions approaching a constant rate of
strain until it fails in shear and when this occurs the ultimate
bearing capacity of the pile has been reached. The test is
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arranged to take about the same time as an undrained shear
test of a sample of the soil in the laboratory, so that the two tests
have a common basis and relationships may be legitimately
made between them.

It should be clearly understood that the purpose of the test is
the determination of the ultimate bearing capacity of the pile,
and that the force—penetration curve obtained in the test does
not represent an equilibrium relationship between load and
settlement, so that the settlement to be expected under working
conditions is not found. Pile movement should be regarded as
necessary for mobilising the forces of resistance.

The method of testing requires the generation and measure-
ment of a downward force on the pile head, the measurement
of pile movement, and some means of controlling its speed of
movement. Since the force must be varied smoothly from zero
to the ultimate bearing capacity, it is most convenient to use a
hydraulic jack inserted between the pile head and the reaction
system. The jack should have a travel greater than the sum of
the final penetration of the pile and the upward movement of
the reaction system. For an end-bearing pile the penetration in
the test may reach 25 per cent of the pile base diameter, and
for a friction pile about 10 per cent of the shaft diameter. The
movement of the reaction system may be of the order of
76 mm if kentledge is used, and about 25 mm with a system of
anchor piles. The pump supplying the jack may be hand or
mechanically operated. For forces up to about 2000 kN, hand
pumping is convenient, but if there is much ‘“‘give” in the
reaction system two pumps of the size normally used for a
2000 kN jack will be required in the early stages of the test. A
mechanical pump should, for preference, have an “‘infinitely
variable” delivery, controlled either by a bleed valve or a
variable speed drive. Oil cooling may be required if a bleed
valve system is used. The jacking force may be measured by a
load measuring device or by a pressure gauge in the jack
supply line if the jack is in good condition.

The downward movement of the pile head is conveniently
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measured by means of a dial gauge supported on a beam. In a
typical C.R.P. test, a small movement of the reference beam
(not exceeding 2-5 mm) is not likely to affect significantly the
value obtained for the ultimate bearing capacity.

The rate of penetration may be controlled either by manu-
ally checking the time taken for successive small increments of
penetration, and adjusting the pumping rate accordingly, or by
attaching to the dial gauge a device similar to the “pacing ring”
used to assist the maintenance of a constant rate of loading on
some mechanical testing-machines. A rate of penetration of
about 0-75 mm/min has been found suitable for friction piles in
clay, for which the penetration to failure is likely to be less
than 25 mm. For end bearing piles in sand or gravel, or plate
loading tests, considerably larger movements will be required
to mobilise the full resistance, and rates of penetration of
1-5 mm/min or more are required. Tests have shown that the
actual rate of penetration, provided it is steady, may be half or
twice these values without significantly affecting the resulit,
and a rate should be chosen that can be held by the pumping
equipment available. Major fluctuations in the rate of penetra-
tion produce corresponding undulations in the force-
penetration diagram.

As the test proceeds it is advisable for the operator record-
ing the force to make a plot of force versus penetration in
order to determine when the ultimate bearing capacity has
been achieved so that the test may then be terminated. If the
control of the rate of penetration is manual, then it is useful to
plot penetration versus time as a check on the rate of penetra-
tion achieved. This is not easily performed during the test, but
the information is of use in the interpretation of undulations in
the force—penetration diagram even if plotted later.

The data resulting from the test are plotted as a graph of
force versus penetration. The curve in the case of a friction
pile will be similar to one of those shown in Fig. 9.9(a). The
force may reach a maximum value and decrease with larger
penetrations, or the highest value reached may be maintained
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Fi1G. 9.9. (a) Typical force-penetration diagrams obtained with friction piles.
The values of force reached at points A represent the ultimate bearing capacity
in each case. (b) Typical force-penetration diagram obtained for an end-

bearing pile.
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with substantially no change for two or more inches’ penetra-
tion. The values of force reached at the points marked A
would represent the ultimate bearing capacity in each case.

The force-penetration curve in the case of an end-bearing
pile will be similar to that shown in Fig. 9.9(b), and its
interpretation is best made by considering its relationship to
the diagram which would have been obtained had the pile been
installed from the surface of the bearing stratum entirely by a
constant rate of penetration technique. In Fig. 9.10, OAB
represents in idealised form, the plot of force versus penetra-
tion which would be obtained during penetration into the
resistant stratum and BC during the removal of the force, with
C as the final position of the pile. If the pile had been installed
to a greater depth the penetration line would have extended to
a point such as D, the corresponding unloaded position of the
pile being E. The line OAD will be called the installation
envelope.

When a C.R.P. test is made on a pile installed to C, the
resulting force-penetration curve CF becomes tangential to
the installation envelope at F. With further penetration the

[< H E
PENETRATION
F1G. 9.10. Idealised diagram of force versus penetration for the installation of

an end-bearing pile into a bearing layer and the relationship of a cycle of
testing to this.
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envelope would be followed to some point such as G, from
which unloading would give the point H. Clearly the line CF
and the point F have a unique relationship with a pile installed
initially to C. F represents the point at which the resistances
that are associated with the pile C are fully overcome and
from which another pile of greater embedded length would be
formed. Point F represents the ultimate bearing capacity of
the pile installed to C. The upper part of the plot in Fig. 9.9(b)
is straight or substantially straight and shows a steady increase
of force with increasing penetration. A point on this line
should be found corresponding to F where the unique
force-penetration curve of the pile meets the installation
envelope tangentially. Point A is the beginning of the substan-
tially straight portion and the value of the force at A would
represent the ultimate bearing capacity.

In practical cases, identification of the tangent point where
the installation envelope is reached presents difficulty and it is
usually satisfactory to take the force required to cause a
penetration equal to 10 per cent of the diameter of the pile base
as the ultimate bearing capacity.



CHAPTER 10

PILES IN GROUPS WITH VERTICAL
LOADING

Introduction

Piles are seldom used singly; generally a group or cluster of
piles is installed beneath a foundation, with a foundation slab
or cap cast on the heads of the piles to distribute the load.
Where the cap is cast on the ground the system will be called a
piled foundation. Where the cap is formed clear of the ground
it will be called a free-standing group.

The settlement of a group of vertical piles subject to a given
average load per pile may be very different from the settlement
of a comparable single pile under that load. Similarly, the
ultimate load that can be carried by a group of piles is not
necessarily the ultimate load of a single comparable pile
multiplied by the number of piles in the group. This behaviour
and the mechanism of interference between adjacent piles
which causes it, is usually referred to as ‘“‘group action”. It is
important in the case of friction piles in clay, not quite so
important with end-bearing piles in dense sand or gravel and
generally unimportant where piles are driven to rock.

The isobars of vertical stress around a pile in an elastic
medium form a “‘bulb of pressure’’, approximately as shown in
Fig. 10.1(a). If a number of piles of the same size are installed
to form a group, the individual bulbs of pressure merge below
the group to give a large bulb as indicated in Fig. 10.1(b). The
widths of the loaded areas between equal isobars in the two
cases are A; and A: and since in an elastic medium the

156
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by

(a)

(b)

Fi1G. 10.1. Isobars at the same vertical stress for (a) a single pile and (b) a
group of piles, showing how the width and depth of the ‘“bulb of pressure”
depend on the width of the group.

settlement of a loaded area is a function of its width, the
settlement of the group would be much greater than that of the
single pile. Soils generally decrease in compressibility with
depth so that the settlement in practical cases may be some-
what less than this simple principle would suggest.

Although there have been a few attempts to devise a bearing
capacity formula for pile groups that includes the interaction
between adjacent piles, none has been satisfactory. The de-
signer has therefore to make use of empirical information,
chiefly obtained from tests on models, together with approxi-
mate methods and experience.

It is convenient to refer to the efficiency and the settlement
ratio of groups, since these values serve as indices of the
interference due to group action. By efficiency is meant the
ratio of the average load per pile when failure of the group
occurs to the load at failure of a comparable single pile.

There are at least two definitions of settlement ratio and care
should be taken to find which is used in any instance. Whitaker
(1957) defined it as the ratio between the settlement of a group
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to that of a comparable single pile when both carry the same
fraction of their failing load. In many cases settlement ratio is
taken as the ratio between the settlement of the group and a
comparable single pile when the average load per pile in the
group is the same as that of the single pile. With this definition,
when the settlement ratio is determined for a loading repres-
enting a factor of safety F on the ultimate bearing capacity of
the group, the single pile settlement would be determined at a
load €P/F, where P is the ultimate bearing capacity of the
single pile and e is the group efficiency. In Whitaker’s defini-
tion the settlement of the single pile is taken at a load P /F. The
value of the settlement ratio by Whitaker’s definition is there-
fore the smaller when € <1.

Pile groups in clay

Where a vertical pile group supports a rigid cap on which
there is a central load, each pile settles the same amount and it
is commonly assumed that the piles are equally loaded. Tests
show, however, that the resistances mobilised in piles at
normal spacings are not equal. Whitaker (1957) measured the
load carried by the piles in model free-standing groups in clay
by introducing a small load gauge at the head of each pile. To
present the results, the loads carried by piles occupying similar
positions in the group have been averaged. In Fig. 10.2 the
effect of different spacings on a square group of 9 piles is
shown. At spacings equivalent to 2d and 4d (d is the pile
diameter), the centre pile took the least share of load through-
out the test, and the corner piles the greatest, but at 8d spacing
there was no significant difference between the pile loads. The
distribution of load in a 25 pile group, given in Fig. 10.3, shows
that the proportion of the load taken by any pile was depen-
dent on its distance from the centre of the group. The corner
piles in this test reached their maximum load at about 80 per
cent of the group failing load, and carried a constant load
thereafter as the group load further increased.
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F1G. 10.2. The distribution of load among the piles in a square group of 9
model piles, for spacings of the piles centre to centre of (a) 2d, (b) 4d and (c)
8d.

Whitaker’s experiments on free-standing groups in
homogeneous clay demonstrated the existence of two types of
failure, “block” failure and failure by individual penetration of
the piles. For groups with a given length and number of piles
there was a critical value of spacing at which the mechanism of
failure changed. For spacings closer than the critical value,
failure was accompanied by the formation of vertical slip
planes joining the perimeter piles, the block of clay enclosed
by the slip planes sinking with the piles relative to the general
surface of the clay, as shown in Fig. 10.4. For wider spacings,
failure was associated with local penetration of the piles into
the clay. Figure 10.5 shows the efficiency versus spacing factor
for square groups of free-standing piles embedded 48d in clay.
Spacing factor is the ratio of the pile spacing (centre to centre)
to the pile diameter. It will be seen that the slope of each line
changes abruptly at some critical value of the spacing. The
more steeply inclined portions of the lines for smaller values of
the spacing factor than the critical represent the condition of
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F1G. 10.3. The distribution of load among the piles in a square group of 25
model piles spaced at 2d centre to centre.

block failure. When a cap is cast on the surface of the soil to
turn the group into a piled foundation, then, provided the cap is
no larger than the perimeter of the group, in the case of a
group with a spacing factor smaller than the critical value, the
cap adds nothing to the efficiency. For spacings larger than the
critical value, the curve of efficiency versus spacing factor for a
piled foundation forms a straight line which is an extension of
the line representing the condition of “block” failure, shown in
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F1G. 10.4. Block failure of a free-standing group of piles, showing shearing
around the perimeter and sinking of the enclosed block of soil with the piles
relative to the general surface.

Fig. 10.6, as if the cap had caused block failure in groups which
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