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Bored Piles with Enlarged Bases in London Clay

Pieux forés avec bases élargies dans I’argile de Londres

T. WHITAKER, Building Research Station, Watford, Great Britain
R. W. COOKE, Building Research Station, Watford, Great Britain

SUMMARY

An investigation on the bearing capacity of large bored piles
in London clay was made in which load cells were used to
measure the loads carried on the pile bases, some of which
were enlarged. Both incremental loading and constant rate of
penetration tests were made. The maximum resistance due to
shaft friction was reached at a settlement less than 1 per cent
of the shaft diameter and the maximum base resistance at a
settlement in the order of 10 per cent of the base diameter. At
small settlements the greater proportion of the load was carried
by shaft friction and a design method introducing separate load
factors for the shaft and the base is suggested.

SOMMAIRE

On a étudié la capacité portante de grands pieux forés dans
I'argile bleue de Londres, dans lesquels on avait incorporé des
appareils pour mesurer la pression sur les bases dont certaines
étaient élargies. On a fait des essais avec des charges successives
ainsi que des essais avec pénétration a vitesse constante. La
résistance maximum causée par la friction latérale est obtenue
pour un tassement de moins d’un pour cent du diamétre du pieu
et la résistance maximum de la base pour un tassement de I'ordre
de dix pour cent du diameétre de la base. Pour les tassements
de moindre valeur une plus grande proportion de la charge est
portée par la friction latérale et 'on propose une méthode de
calcul qui introduirait des facteurs de charge séparés pour les
parois et la base.

THE LARGE-DIAMETER BORED PILE Wwith an enlarged base has
become popular in Britain for use in thick beds of stiff clay,
particularly where the shaft can be bored without using a
lining and the base can be enlarged easily by mechanical
tools. Concrete is cast in place in contact with the soil to
form the pile. There are very little data showing how much
of the applied load is carried by the base and how much by
friction on the shaft surface and this has led to a variety of
design methods. The authors have published results of their
experiments on models (Cooke and Whitaker, 1961). The
present paper is based on the results of a full-scale investiga-
tion carried out under the joint sponsorship of the Institution
of Civil Engineers, the Civil Engineering Research Associa-
tion, and Building Research Station.

A load-measuring cell was first developed for placing at
the bottom of the pile shaft to measure the load on the base.
The construction and testing of a prototype and the detailed
construction of the load cells for the investigation have been
described elsewhere (Whitaker, Cooke, and Clarke, 1962;
Whitaker, 1964).

The load on the test piles was limited to a maximum of
1000 tons and a range of pile sizes was chosen in order not
to exceed this value. The piles had shaft diameters of 2, 2%,
and 3 ft and lengths of 30, 40, and 50 ft with and without
enlarged bases of twice the shaft diameter. Results from ten
of these test piles are given here. The piles were bored
entirely in the London clay by Calweld equipment. The
concrete was a 1:1%:3 normal Portland cement mix with a
slump of about four in. Undisturbed soil samples were
obtained from a borehole prior to the pile construction and
from each pile hole as it was bored, and the undrained shear
strength determined in triaxial tests.

TESTING

The reaction for the loading tests was supplied by bored
cast-in-place tension piles which were constructed first, the
test piles being installed between them when required.
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Normally a period of one to five months elapsed between
construction and testing. Two tests were made on each pile.
In the first the load was increased in stages and was main-
tained at each stage until settlement had substantially ceased
before proceeding to the next stage (M.L. test). Loading
was increased in this manner to about 0-7 of the estimated
ultimate bearing capacity. The load was then removed and
the pile allowed to recover for about a week when the ulti-
mate bearing capacity was determined by a test carried out
by the constant rate of penetration (C.R.P.) method
(Whitaker and Cooke, 1961).

RESULTS

The results of successive M.L. and C.R.P. tests on a typi-
cal pile are given in Fig. 1, which shows the total load
(including the weight of the pile), the base load, and the
load carried by shaft friction versus settlement.

In the test with maintained loads the shaft is seen to reach
its maximum resistance at a small settlement, when only a
small proportion of the total load is carried by the base.
With further application of load the shaft resistance rises
initially, but falls with time as the stage of loading is main-
tained, the base load rising correspondingly. This redistribu-
tion of the load is accompanied by settlement. When the
pile is unloaded a residual load remains on the base, the pile
is in compression, and the shaft friction becomes “negative.”
In the C.R.P. test the total load rises to a maximum value
at a pile displacement generally greater than 10 per cent of
the base diameter, the shaft resistance having reached a
maximum at a displacement less than 1 per cent of the shaft
diameter, while the base load rises to a substantially constant
value at a displacement equal to about 10 per cent of the
base diameter.

The net ultimate bearing pressure ¢” on the underside of
the base is given by:

¢ = alN.= (Q/4) — +H, €9



350 r
’—, - - CRP Test S -.—.J
|

~Total load

—— — — —

I
—
e

/‘(

~ dase load

: & 8
Settlement (Inches)

FIG. 1. Total load, base load, and shaft frictional load versus settlement for a typical pile with enlarged base
in M.L. and C.R.P. tests.

Mean skin friction on shaft (f) (Ton /sqft) where Q is the measured ultimate base resistance, 4 is the
5 02 04 O6 O8 1O 2 4 16 area of the base, N, is the bearing capacity factor, ¢, is the
mean shear strength of the clay undergoing shear failure at
the base, y is the mean density of the clay over the depth of
the pile, and H is the depth of the base. Values of g’
% calculated from the maximum base resistances reached in the
A C.R.P. tests have been plotted versus depth in Fig. 2a and
.| a line representing the relationship has been drawn. The piles
b 3 are designated by letters.

L Wi The most appropriate values for design purposes of the
) average surface friction on the shaft per unit area, f, are the
oP equilibrium values reached at the end of the highest stage of
loading in the maintained load test. These values of f have
been plotted versus depth in Fig. 2b and a representative
line has been drawn. (Note that the values of f have been
plotted against the depth of the centre of the shaft length
over which they apply.) When calculating ¢" and f no
account has been taken of any influence due to the age of the
pile at the time of testing.
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DISCUSSION OF RESULTS

oK A plot of the shear strength given by the individual soil
specimens is shown in Fig. 3. Similar large variations in

results have been noted by other workers and are a feature

of testing small specimens of this stiff-fissured clay. By

S assuming a value for N, the variation of ¢, with depth may
O 2 4 6 8 10 12 14 16 be obtained from the linear relationship in Fig. 2a and lines
Base bearing pressure (q') (Ton/sqft) giving ¢, for N, = 6, 7-5, and 9 have been superimposed on
the shear-strength plot in Fig. 3. If ¢, is taken as the average
base (g’) versus depth of the pile base; (b) shear strength from soil tests then clearly a value of N, in
average surface friction on the pile shaft per unit the order of 6-5 should be taken in design. If, however, we
area (f) versus mean depth of the shaft. assume that for the ¢ = O condition N, is approximately

FIG. 2. (a) Net ultimate bearing pressure on the
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FIG. 3. Shear strength of individual soil specimens versus depth.
Lines giving c, for values of N, and a have been superimposed.

equal to 9, then ¢, lies towards the lower limit of the range
of the shear-strength values.
Following Skempton (1959) we may express:

f=es 2)
where € is the mean shear strength over the depth of the pile
shaft, and « is the shaft adhesion factor. The relationship
between ¢ and depth for assumed values of & can therefore
be obtained from the relationship shown in Fig. 2b and lines
representing ¢ for « = 0-3, 0-45, and 0-6 have also been
superimposed on the shear-strength plot in Fig. 3. In this
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case the line representing ¢ for « = 0-45 (a value commonly
used in design) is close to the average shear strength given
by the triaxial tests. On the other hand, if the lower limit of
the range of shear strengths is considered then « is nearer
to 0-6.

APPLICATION TO DESIGN

The settlement under the working load is of prime interest
to the designer and the simplest way of limiting settlement is
to use a load factor F, known to be adequate, so that:

W = (ultimate bearing capacity) /F, 3)

where W is the load applied to the soil, that is to say the load
on the pile plus the pile weight.

Values of W have been calculated from the measured
ultimate bearing capacities of the test piles for F = 3 and
F = 2 and these values have been plotted, in Figs. 4a and
4b, versus the corresponding settlements measured in the
maintained loading tests. Data published by other workers
are included in the figures, the working loads having been
corrected as far as possible for the weight of the piles in
order to be directly comparable with the results of the tests
reported here. For both values of F the settlements increase
as W increases and the settlements of piles with enlarged
bases are invariably larger than the settlements of piles
without enlarged bases at the same working load. For the
case F = 2 the ultimate shaft resistance of piles M, F, L, and
A is exceeded and the settlements are large in consequence.

In commercial design it is customary to omit both the
weight of the pile and the overburden term from the calcula-
tion on the assumption that these approximately balance.
This simplification has been adopted for the remainder of
this paper, so that W becomes the load applied to the pile.

It is preferable that a design method should take into
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FIG. 4. (a) Working load versus settlement for a load factor of 3; (b) working load
versus settlement for a load factor of 2.
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account that the ultimate resistances of the shaft and the
base are reached at different settlements, and that to achieve
compatibility at a working load two load factors may be
employed, so that:

W = (ultimate shaft resistance) /F
4)

From the curves of shaft resistance versus settlement of the
pile cap and base resistance versus base settlement mean
curves of F, versus S./d per cent and F), versus S,/D per
cent have been obtained in Fig. 5, S. and S, being the settle-
ments of the cap and the base and d and D the diameters of
the shaft and the base, respectively. For values of S./d per
cent greater than 0.7 per cent F is approximately unity and
the ultimate shaft resistance is exceeded. This does not mean
that the shaft resistance ceases to be operative; the implica-
tion is that further settlement under an increase in the
applied load is governed by the characteristics of the base.

+ (ultimate base resistance) /F,,.
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FIG. 5. Curves relating load factors with S./d and §,/D for use
in design.

To use these curves in design, the dimensions of the pile
are first chosen and estimates of the ultimate shaft friction
and base bearing capacity are made. By assuming that the
settlements of the cap and the base are both equal to the
allowable settlement, a value of F; and an approximate
value of F), are found from the curves. Working values of
shaft friction and base load are then determined, the shaft
compression calculated, and a more correct value for the
settlement of the base thus found, leading to a second value
of Fy, from the curve of Fig. 5. By successive approximations
a more accurate value of F), may be obtained and the work-
ing load determined.

Fig. 5 is an empirical relationship, strictly applicable to
the test site only, but it might be used with caution as a
guide to the design of piles in London clay until more data
become available. The settlements do not include long-term
effects due to consolidation.

By making the assumption that ultimate bearing capacity
= ultimate shaft resistance -+ ultimate base resistance it may
be shown that:

F=FF(+ R)/(FR+ F), ®)

where R = (ultimate shaft resistance)/(ultimate base resis-
tance).
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FIG. 6. Mean curves of the (settlement of the
cap)/(shaft diameter) (per cent) versus load
factor for piles with and without enlarged bases.

When the values of F, found experimentally, are plotted
against the corresponding values of S./d per cent for a
range of values of W for each test pile, the curves obtained
fall into two distinct groups, representing piles with and
without enlarged bases. The mean curves of each group are
given in Fig. 6 and these show that for a chosen value of
S./d per cent a greater value of F is required for piles with
enlarged bases than for piles without enlargement. These
cannot be used directly as design curves, but they enable a
check to be made on the values of F calculated by Eq 5.
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