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SYNOPSIS
In order to predict precisely settlement behavior of large-diameter bored pile
groups at working load, it is necessary to take account of the both effects due to pile installa
tion and soil nonlinearity in the analysis.
In this paper, an attempt is made to introduce a
correction function into a pile-settlement analysis based on Mindlin's first solution.
This method allows us to simulate well the settlement behavior of the large-diameter bored pile
group applying the correction function on the basis of the observed results of the jacked piles in
London clay.

INTRODUCTION

rm , at which the vertical soil displacement

Many methods such as finite element methods,
boundary element methods and the methods based
on Mindlin's solution have been utilized to
analyze settlement behavior of vertically
loaded pile groups at working conditions.
However, Cooke et al. (1979, 1980) have pointed
out that there was a discrepancy between the
observed values of the vertical soil displace
ment around pile shaft and the calculated
values by the above methods which is attribut
able to radial soil-nonhomogeneity due to pile
installation and soil-nonlinearity due to pile
loading.
In this paper, an attempt is made to
introduce a correction function into a pilesettlement analysis based on Mindlin's first
solution to reduce the discrepancy.
The correction function for the small-diameter
jacked piles is obtained on the basis of the
observed results of Cooke et al. (1980).
Based
on the examination of the jacked piles, the
correction function is re-examined so that the
reduction in soil shear moduli adjacent to
piles due to boring is represented more
precisely when the load test result of the
large-diameter bored pile group is simulated.

becomes negligible, represents the boundary
within which soil shows nonlinear behavior
(Randolph and Wroth, 1978).
In addition, we
assume the radial distance r^ which indicates
the boundary of the area intensively affected
during the installation of bored piles.

Fig. 1

Schematic illustration of the method
based on Mindlin's solution

CORRECTION FONCTION
The method based on Mindlin's first solution
shown in Fig. 1 can be a convenient design tool
for pile groups, however, it is originally on
the assumption that soil is a homogeneous linear
elastic body.
Generally, the soil shear modulus varies along
a pile, with radial distance from the pile, and
with pile load as a result of soil disturbance
during pile installation, soil consolidation
during setup, and nonlinear stress-strain
response (Kraft et al., 1981).
Around a largediameter bored pile at working load, a probable
distribution of the soil shear modulus ratio
G/Gq where GQ is soil shear modulus at small

strains is shown in Fig. 2.

The radial distance

Fig. 2

Variation in soil shear modulus ratio
around a bored pile at working load
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In order to predict precisely settlement
behavior of large-diameter bored pile groups at
working load, it is necessary to take account
of the both effects due to pile installa
tion and soil nonlinearity in the analysis.
In this paper the following correction function
i?(r) is introduced into the basic equation of
pile-soil interaction in the method based on
Mindlin's first solution in accordance with
Fig. 1 (Yamashita et al., 1987).
s^iKjL =

iK jL
;jL*

(1)

Esijd
whe r e ,
equivalent elastic modulus of soil
between the i-th layer and the j-th
layer.

S1 J

:

s^iKjL :

KL

Proposed correction function

interaction force acting on the j-th
element of the L-th pile.

'jL

*iKjL

Fig. 3

displacement influence factor with
respect to the i-th element of the
K-th pile due to FjL*
vertical displacement of soil
adjacent to the K-th element of the
i-th pile due to F jL*
horizontal distance between the K-th
pile and L-th pile.

It is assumed that the correction function
consists of a straight line and parabola as
shown in Fig. 3.
^2
an<3 71 o correspond to the magnification
factors of the vertical soil displacement on
the pile shaft surface, which represent
reductions in the soil moduli around pile shaft
respectively by pile installation and by
loading onto the pile as shown in Fig. 2.
X
relates to the form of the distribution of
G/GQ within the distance rj.
In the present analysis, the variation of the
correction function is ignored and a single
average function is taken through the pile
shaft and the pile tip.
The correction
function i)(r) is not defined in d/2<r<d.
Randolph and Wroth (1978) have proposed
that the radial distance, rm , at
working load can be estimated with the
following equation.
rm = (2 to 2.5)

(2)

where, C is the ratio of the soil shear moduli
at one half the depth of the pile length and
the depth of the pile tip.
In this paper, to
discuss the adequacy of Eq. 2, the
axisymmetric finite element model in Fig. 4
was used to calculate the vertical soil
displacement around the pile shaft at one half
the depth of the pile length, where the
typical displacement may occur, for totally 12
combinations of pile and soil conditions.
Fig. 5 shows the calculation results with the
observed values referred to Cooke and Price
(1973) and Cooke et al. (1980).
Because the
vertical soil displacement around the pile
shaft spreads out to the infinite radial
distance in elastic soil, the distance, where
the ratio of the vertical soil displacement to
the pile top settlement is 5%, was regarded as
rm so that the calculated values for Ep/E^ =

50 and 500 cover the two observed values in
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Fig. 5

Fig. 6

Estimation of r.

Loading test of jacked piles in London
clay by Cooke et al. (1980)
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which the Ep/E^ are about 250.

The hatched

Pile surface

area in Fig. 5 corresponds to Eq. 2. On the
basis of those results, the following equation
that approximates rm on the basis of the

r> (r)= 0.0005(j)2- 0.0845(J¡-)+0.9412

various pile and soil conditions is obtained,
where the value of 1/d*(l-u)f is greater than
about four when the straight line that passes
through the upper value of the observed ones
shown in Fig. 5 is applied.
rm/d = 0.67 • 1 (1- u ) C /d + 6.6

i-1

r m= 12d
Radial distance r
Correction function for the jacked piles

(3)
Fig.

JACKED PILE GROUP
Cooke et al. (I960) have reported the load
tests of the jacked pile group in London clay.
Soil and pile conditions are shown in Fig. 6
where the elastic soil modulus profile was
quoted from Randolph and Wroth (1979).
In this
case, the correction function is determined so
that the interaction factor-pile spacing curve
obtained from our method corresponds to that
proposed by Cooke et al. (1980).
The correction function is shown in Fig. 7 and
it is obtained on the assumption that r1=d.
Fig. 8 shows the observed and calculated
relationship between the pile top settlement of
pile A (which is a center pile of the row of
three piles) and pile top loads under the three
loading conditions.
When maximum penetration forces during
installation of the piles are more than 80 kN,
the settlements show almost linear behavior
within the load range in Fig. 8, and the
correspondence to the values obtained by the
present method is fairly good.
Fig. 9a and
9b show the vertical soil displacements around
the pile group and the load distribution in
pile A.
These also indicate good correspondence
between the observed and calculated values.

O b s e rv e d

changing the ordinate of the correction
function shown in Fig. 7, in correspondence
with i? q values.
Reductions in the soil rigidity around the
bored pile shafts in the radial direction are
likely to be remarkable due to soil softening
caused by boring.
In this paper, two following

Load i n i c o n d i t i o n s

------------------

P i l e A .B .C lo a d e d t o i e t h e r
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LARGE-DIAMETER BORED PILE GROUP
Kaino and Aoki (1985) have reported 25-day load
test of the five-bored-pile group of the
reverse circulation drill method.
Using our method, we simulate this test and
discuss the validity of our method.
Fig. 10 shows the soil, pile and loading
conditions and the elastic soil constants in
the following analysis.
The average load per
pile including the weight of the loading plate
corresponds to be about one third of the
ultimate load on the basis of the single pile
short-term load tests.
As the soil elastic
moduli at small strains, 1000 Cu is used for
alluvial and diluvial clay at a depth of 9.3 m,
or less.
For diluvial soil layers in further
depth, the empirical equations proposed by Imai
(1977) are used.
The radial distance, rm =
12 • d, is obtained with Eq. 3, while the present
correction functions under the condition of
r^ < r < rm are obtained by proportionally

C a lc u la te d

©

Pile A Pile C

(a) Vertical soil
(b) Load distribution
displacements
in pile A
Fig . 9 Vertical soil displacements and
distribution of load in the shaft of pile A
S 2
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221.5
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Measuring p o in ts
o f ground surface
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Fig. 10 Loading test of large-diameter bored piles
by Kaino and Aoki (1985)

1081

13/8
TABLE I Analytical cases

J 1-5

\Case \

X

*1

%

1

2.
3.
3.
4.

5
0
5
0

2.
3.
3.
4.

2

2.
2.
3.
3.

0
5
0
5

4. 0

'1.0

5
0
5
0

-

7ì =4.0
*0=4.0
CY ^ 3' 5
^ ,o= 3 -5
(
) / / 2.5 8 ¡Í— — 3.0

V

1

^ -2 .0

30.5

1. 0

Case 1

Case 2

Fig. 11 Ratio of the calculated
pile top settlement to the
observed one
typical cases are set as the correction
functions in the analysis;
(1) rj = d and
n ± =
v Q;

Fig. 12 Radial distribution of the ratio of the
ground surface settlement to the
center-pile top one
A x ia l fo rc e (MN)

A x ia l fo rc e (MN)

(2) r^ = 1.5d on the basis of experience,
1 ! >

? 0 and X = 1;

The values of

i? Q and

i\ ^ are set as shown

in

Table I on the basis of preliminary
calculations.
Fig. 11 shows the ratio of the
calculated pile top settlement to the observed
one.
The average value is used in Fig. 11 as
the observed one.
The ratio of the calculated
value to the observed one varies in the range
of 0.8B to 1.25.
Fig. 12 shows the ratio of
the vertical soil displacement at the ground
surface to the center-pile top settlement for
the calculated and observed values.
Case 1
gives larger values at settlement measuring
points b and c, slightly apart from the pile.
On the other hand, Case 2 is in much better
agreement with the observed values when v 0 is
2.0 to 2.5.
Fig.
along the piles.
with the observed
more closely with

13 shows the load distribution
Case 2 is in general agreement
values, although Case 1 agrees
the observed ones.

CONCLUSION
We propose the method in which a
correction function is introduced into the
method based on Hindlin's first solution.
This
method allows us to simulate well the
settlement behavior where the working load is
applied to the large-diameter bored pile groups,
using the correction functions on the basis
of the observed soil displacement around the
pile shafts of the jacked piles in London clay.
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(a) Corner pile

(b) Center pile

Fig. 13 Load distribution in the pile shafts
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