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SUMMARY

clay, in which careful measurements of settlements were made at working loads.

This paper describes the results of a series of load tests on piles driven into firm to stiff

An interpretation of site

investigation information including cone penetrometer data, pressuremeter data and laboratory triaxial

data, is presented.

analyses to provide calculated values of pile settlement.

Moduli at various depths are selected for use in elasticity based finite element

Comments are made about the lack of agreement

between calculated and observed settlement and the problem of soil layering is also discussed.

1 INTRODUCTION

For many years geotechnical engineers concernedwith
the evaluation of settlement of pile foundations
have had access to theoretical solutions based upon
the theory of elasticity. These solutions have
been presented and discussed by authors such as
Butterfield and Banerjee (1971, Mattes and

Poulos (1969) and Poulos (1972). Although the load
settlement behaviour of piles is non-linear, the
linear elastic approximation for the relatively
small displacements at working loads is widely
accepted. The critical parameter needed for the
evaluation of pile settlement is the elastic modulus
of the soil. If the soil is significantly strat-
ified, a knowledge of the elastic modulus of each
layer is necessary if a multi-layered solution
(Poulos, 1979) is to be used.

The evaluation of the appropriate modulus may be
carried out in several ways. Most of these rely on
published correlations between modulus and soil
shear strength either measured directly on triaxial
samples in the laboratory or inferred from field
tests such as the static cone test or standard
penetration test. However, most of these correla-
tions have been developed for surface footings and
have been shown previously to produce unrealistic-
ally low soil moduli for pile settlement problems.
The range in published correlations for clays is
large, with ratios of modulus (E) to undrained
strength (s,) of between 25 and 400 eg. Skempton
(1951) and Ellison et al (1971). With pressure-
meter tests the soil modulus may be calculated
directly using suitable theory eg. Palmer (1972).
Poulos (1972) has previously stated that pile load
test information back-figured using elastic theory
provides the best means of estimating the soil
modulus for pile problems. There are obvious
advantages to this procedure but pile load tests
are both time consuming and expensive.

Clearly geotechnical engineers are in need of more
information regarding the most reliable ways of
determining an appropriate soil modulus. The best
way of achieving this appears to be by examining a
large number of case studies in which the soil
profile was thoroughly explored and the settlement
of a pile under load was accurately measured. Such
a case is described in this paper.

2 DETAILS OF SITE
The site chosen for the installation of the piles
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was a relatively level area located about 30 kmeast
of Melbourne. The site consisted of saturated clays
gradually becoming stiffer with depth and overlying
a clayey sand at a depth of around 11 m. Some of
the relevant soil properties are given in Table I.

Strength and penetrometer data are given in Fig. 1.
The undrained strength values quoted are based on
consolidated undrained triaxial tests carried out
by McDonald (1975) and by Ellis (1975). This type
of data for stiff clays is not normally considered
to be particularly reliable because of the unknown
in-situ stress conditions. The other undrained
strength data in Fig. 1 is based upon pressure-
meter observations using a self boring pressure-
meter. The undrained strength was derived using
the theory proposed by Gibson and Anderson (1961).
The pressuremeter tests proved not to be of great
value in determining the soil modulus directly.
This was mainly a result of a poorly definedinitial
horizontal ground stress state and the fact that the
pressure vs. radial strain curves were highly non-
linear. A large range in modulus resulted depend-
ing upon the radial strain value selected for the
calculation. The remaining item of field data
plotted in Fig. 1 is the point resistance (qc) and
friction ratio at various depths, taken from an
electrical static cone penetrometer.

3 PILE LOAD TESTS

A series of static load tests was performed on six
reinforced concrete piles driven into the clay at
the above site. These tests have been fully
described by Ellis (1975) and Williams and Ellis
(1976). Piles were square in section having awidth
of 355 mm and a shaft length (L) of 7.6 meters. A
circular pile of equivalent perimeter would have a
diameter (d) of 460 mm, giving a slenderness ratio
(L/d) of 17. Pile to pile spacing was 1.5 metres.

The maintained load method of testing was adopted,
which permitted an assessment of time-dependent
settlement effects. A typical load deflection curve
and settlement vs. time curves are shown in Fig. 2.
At working loads of one third to one half of the
ultimate (plunging) load, time-dependent settlements
were very small. Particular care was exercised in
the measurement of pile head settlements using pre-
cision levelling equipment. The load was applied
via a system comprising a reaction beam restrained
by tendons grouted into granite bedrock 20 m below
the tips of the piles. Hydraulic capsules between
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SOIL PROPERTIES
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Figure 1 Strength and Penetrometer Data for Soils
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Figure 2 Typical Load-Settlement and Settlement-Time Curves for Concrete Piles

the reaction beam and the jacks were used to
monitor load applied to the piles.

4 CALCULATION OF PILE SETTLEMENT

The problem of pile settlement in layered soilshas
been previously addressed by Poulos (1979) where
the results of approximate methods based on a homo-
geneous soil model were compared with a layered
finite element simulation. Poulos demonstrated
for one particular pile geometry (L/d = 25) that,
with one exception, acceptable results could be
obtained using an equivalent soil modulus with
homogeneous elastic solutions. The equivalent
modulus was obtained by weighting the moduli over
the length of the pile according to the thickness
of each layer. The exceptional case where Poulos
found the above averaging technique lead to
significant inaccuracy was that where the lower
part of the pile extended into relatively weak
strata.

The authors constructed a finite element model for
the reinforced concrete piles as shown in Fig. 3.
The program (WAX 1) is a wholly elastic axi-
symmetric analysis and is based on four node quad-
rilateral elements although triangular elements may
also be used. For the purposes of the axi-
symmetric model the square section pile was re-
placed by a hollow section of equivalent cross-
sectional area and perimeter. The elastic modulus
of the pile was 50 GPa for all cases analyzed. The
presence of the rigid boundaries in the finite
element model (Fig. 3) introduces an error into the
calculation of pile settlement. With layer moduli
equal, this finite element solution gives pile
settlements about 15 per cent smaller than those
calculated from the Poulos semi-infinite elastic
solutions.

In selecting appropriate soil moduli for such a
model the authors adopted average correlaticns be-
tween E and sy published by Poulos (1972). For
driven piles Poulos recommends an average E/sy
value of about 350 with a limiting E value of about
40 MPa. In the case of static cone results, there
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is less information available as to the relation-
ship between soil modulus (E) and cone resistance
(qc) for pile settlement problems although there
are an enormous number of published correlations
for footing problems. In this case the authors
decided to work through an average correlation be-
tween static cone resistance and undrained soil
strength. A value of q./s; = 15 was adopted based
on correlations published by Sanglerat (1979).
Combining with the previously determined relation-
ship between soil modulus and undrained strength, a
ratio of 23 was calculated for (E/qc) -

The clay deposit was divided into layers with soil
moduli based upon pressuremeter strengths, triaxial
strengths or cone resistances (Fig. 3). The cone
penetrometer (CPT) results indicate the existence
of a stiff crust at the ground surface (layer 1),
in contrast to the triaxial and pressuremeter data.
However, there was some doubt about the applic-
ability of this high modulus for the surface layer,
partly because of possibly incomplete pile-soil
contact near the ground surface and partly because
of the timing of the CPT tests. On the latter
point it should be noted that the CPT test was per-
formed in summer when the site was dry. To allow
for this a further determination of pile settlement
was made assuming that the layer 1 modulus was equal
to the smaller layer 2 modulus.

Table II shows the results of calculated and
observed pile settlements at a load of 200 kN. This
table shows that, even with a judicious selection
of soil moduli based upon correlations published by
others for pile type problems, calculated settle-
ments are too large by a factor of about 2. This
suggests that for piles in firm to stiff clays, the
appropriate modulus should be based on a ratio of
modulus to undrained strength (E/s,) of about 700
and modulus to cone penetration resistance (E/qc)
of about 50.

The influence on calculated pile settlement, of a
soft soil layer, was briefly examined using the

finite element model. Poulos (1979) has observed
that a pile driven into a thick soft layer at the
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TABLE II pile tip, approximate solutions were significantly

CALCULATED AND OBSERVED SETTLEMENTS OF PILES

Case Settlement at 200 kN
(mm)
Calculated:
A - layer moduli based on 1.24 +
pressuremeter strengths
B - layer moduli based on triaxial
strengths 1.34 +
C - layer moduli based on cone
resistances 1.21 *
D - as for C but layer 1 modulus
= layer 2 modulus 1.36
Observed
Range of pile settlements at
200 kN 0.51 - 0.68
Average pile settlement at
200 kN 0.58
Range of pile ultimate
(plunging) loads 350 - 605 kN
Average pile ultimate load 475 kN

+ E/sy
* E/q¢

1

350;

2

7

3

E 7 40 MPa
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different from more exact finite element solutions.
To assess this aspect the modulus of each success-

ive soil layer was reduced to one fifth of the
modulus of the other layers (Table III). The

pile settlement was also obtained using an equiv-
alent single modulus for all layers. The equivalent
modulus was calculated by weighting the modulus of
layers 1 to 6 inclusive (Fig. 3) according to the
layer thickness i.e. over the length of the pile
shaft plus three diameters below the base.

The results of the above analyses (Table III) show
that, whilst the effect of a soft layer, about one
fifth of the pile shaft length in thickness,
increases pile settlement by about 17 per cent over
the settlement with no soft layer, acceptable re-
sults can be obtained using an equivalent homo-
geneous modulus. The effect of a thick soft layer
located 10 pile diameters below the pile base was
also evaluated. In this case, reducing the thick
layer modulus to one fifth of the modulus of other
layers increased the settlement by only 8 per cent.

5 CONCLUSIONS

By a careful selection of soil moduli based upon
published correlations, the calculated pile settle-
ment using a layered finite element model exceeded
that observed by a factor of about two. This
suggests that more accurate calculated values of
settlement for piles driven into firm to stiff clay
can be obtained if moduli were evaluated using an
(E/sy) ratio of about 700 or an(E/q.) ratio of
about 50.

The layered finite element analysis was also used to



TABLE III
EFFECT OF SOFT LAYER ON PILE SETTLEMENT

Pile Settlement
(mm)

Layer with 10 MPa modulus

Pile Settlement
(mm)

Layer with 10 MPa modulus

.84
.86

W00~V BN
OO OOOCOOO

all layers 50 MPa 0.73

all layers with

n=6 ) n=6
P ] 1 [ )

n=1 n=1

) .83

E

1. 2.

Note: All other layers have 50 MPa modulus.

show that the increased pile settlement resulting
from the presence of a weak layer within the pile
depth can be reasonably calculated using a homo-
geneous elastic solution with a weighted average
soil modulus.
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