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Edtimation of the deformations and load distributions in a group of piles generdly requires the use of
computer-based methods of andyss. Numerical techniques for pile group andysis may be broadly
classfied into two categories:

(1) load-transfer (or subgrade reaction) approaches;
(2) continuum-based approaches.

Programs based on the load-transfer or subgrade-reaction method

The above category is based on the so-caled Winkler idedisation of the soil, i.e. the piles are
modelled as a series of independent springs (e.g. the t-z or p-y curve methods). The main drawback
to this gpproach is that it is based on empirica parameters (i.e. the modulus of subgrade reaction)
which can only be backfigured from the results of pile load tests. However, in nany practica
Stuations, it is not possble to carry out such testing, at least in the prdiminary stages of design. In
addition, disregard of continuity through the soil oversmplifies the problem and makes it impossible
to find a rationd way to quantify the interaction effects between piles in a group. The computer
codes GROUP (Reese et al., 2000) and FB-Pier (Hoit et al., 1996) may be included in this
category.

These deficiencies may be removed by means of soil continuum based solutions which are
generdly basad on the finite ement (FEM), finite difference (FDM), or boundary eement (BEM)
methods. These solutions provide an efficient means of retaining the essentid aspects of pile
interaction through the soil continuum and hence a more redisic representation of the problem.
Further, the soil parameters to be introduced into the modd have now a clear physicd meaning and
they can be measured directly.

Programs based on thefinite dement/finite difference methods

These methods are vauable for darifying the mechanism of load transfer from the pile to the
surrounding soil but, particularly for 3D problems such as pile groups, are not readily applicable to
routine desgn. Apart from the complexity (for example, in reaion to the moddling of the pile-soil
interfaces) and the condderable effort of data preparation, the man problem is the high
computationa cost required by this type of anayses, particularly if non-linear soil behaviour isto be
consdered. This precludes the routine use of such techniquesin design (a 3D non-linear andysis of
a pile group using current software packages can take severd days, even on modern computers
running at 800 MHz).

Programs based on the boundary element method
A practicdl compromise between the approximations of load-transfer approaches and the
disproportionate complexity of FEM/FDM solutions is provided by the boundary element method, in
which the characterigtics of the soil response are represented in a lumped form by ascribing the
behaviourd festures of the soil to the pile-soil interface dements. While the FEM and the FDM
require a very large number of dements to modd the piles and the surrounding soil by means of 3D
meshes, the BEM only requires discretisation of the pile-soil interface, with enormous savings in
computationa time and data preparation effort.

In the boundary eement method, remarkably few eements are required to achieve accuracy
of results. A typicd BEM mesh for a angle pile is shown in FHg. 1, involving discretizetion of the



pile-soil interface into anumber of cylindrical ements. The behaviour of each dement is consdered
a one node which is located a the mid-haght of the dement. This, in practice, reduces the
dimensiondity of the problem by one and makes 3D moddling aredidtic propostion, even for large

pile groups.
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Fg. 1. Typicd BEM mesh for angle pile

The computer programs DEFPIG (Poulos, 1990) and MPILE, origindly developed by Randolph
(1980) under the name of Piglet, may be included in this category. These programs are based on
smplified BEM anayses which solve the group problem by caculating the influence coefficients for
each pair of piles and by merdy superimposing the effects. However, it has long been recognised
that this gpproximate procedure produces a number of limitations, in particular it ignores the diffening
effect of intervening piles in a group, thereby leading to an overestimation of interaction between
piles.

The above limitation on the use of interaction factors may be removed by smultaneous
condderation of dl the piles within the group, i.e. performing a “complete’ andysis of the group.
The computer program PGROUP, originally developed by Banerjee & Driscoll (1976), is included
in this category but is restricted to linear dagtic analyses and problems of smal dimensions because
of very large computational resources required. The latter aspect makes the program inapplicable in
routine design.

PGroupN analysis method

Repute' s calculation engine isthe program PGroupN (Basile, 1999, 2003). Its main fegture liesin its
capability to provide a complete 3D non-linear BEM solution of the soil continuum while retaining a
computationaly efficient code.

Following the typicad BEM scheme, the PGroupN andysis adopts a substructuring technique
in which the piles and the surrounding soil are modelled separatdly and then compatibility and
equilibrium conditions a the pile-soil interface are imposed.  The soil is modeled using the well-
established solution of Mindlin (1936), while the piles are modelled using the classica Bernoulli-Euler
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beam theory. Thus, given unit boundary conditions, the pile and soil equations are combined
together and solved, thereby leading to the distribution of stresses, loads and moments in the piles for
any loading condition.

The externd group loads are gpplied incrementdly and, a each increment, a check is made
that the stress dtate at the pile-soil interface does not violate the yidld criteria. Thisis achieved by
specifying the limiting stresses for the soil according to the classicad equations for the axid and laterd
pile shaft capacity, and end-bearing resstance. The eements of the pile-soil interface which have
yielded can take no additiond load and any increase in load is therefore redistributed between the
remaining edements until dl dements have faled. Thus, by successve goplication of loading
increments, the entire load- displacement relationship for the pile group is determined. Further details
on the theoretica formulation of PGroupN are given in Basile (2003).

Choice of soil parameters

The choice of soil parameters for PGroupN is smple and direct: for a linear anayss, it is only
necessary to define two soil parameters whose physica interpretation is clear, i.e. the soil modulus
(Es) and the Poisson’'s ratio (). If the effects of soil non-linearity are conddered, the strength
properties of the soil need aso to be specified, i.e. the undrained shear strength (C,) for cohesive
soils and the angle of friction (f’) for cohesionless soils.  Thus, the proposed method, by taking into
account the continuous nature of pile-soil interaction, removes the uncertainty of empirica t-z and p-y
gpproaches and provides a smple design tool based on conventiona soil parameters.

Non-linear soil model

The PGroupN anaysis adopts a non-linear soil modd, which follows the well-established hyperboalic
relationship between soil stress and strain proposed by Duncan & Chang (1970) and aso gpplied to
pile problems by Poulos (1989) and Randolph (1994). This smple relaionship assumes that the soil
Young's modulus (E:an) varies with the stress levd a the pile-soil interface, i.e. it isafunction of the
initid tangent soil modulus (E;), the hyperbolic curve-fitting constant (R), the current pile-soil stress
(t) and the limiting vaue of pile-soil stress (tim), as shown in Figure 2. The hyperbalic curve fitting
constant R defines the degree of non-linearity of the stress-strain response and can range between
zero (an dadtic-perfectly plagtic response) and one (an asymptotic hyperbolic response in which the
limiting pile-0il stress is never reached). The best way to determine the value of R is by fitting the
PGroupN |oad-deformation curve with the data from the full-scale pile load test. In the absence of
any test data, the value of R can be initidly estimated based on experience.
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Fg. 2. Sail Young's modulus variaion with stress level



Figure 3 shows a typica example of how the non-linear soil modd of PGroupN leads to a more
redigic predictions of pile response and a better fit with the observed behaviour than traditiond
linear eadtic or dadtic-plagtic models.
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Fig. 3. Load-settlement behaviour of 5-pile group in sand

Ancther fundamenta limitation of the linear eagtic models is that they result in a congderable
overestimation of the load concentration at the outer piles of the group, and this may lead to an
overconsarvative design. Indeed, it has long been recognised that congideration of soil nonlinearity
results in a rdative reduction of the load concentration at the corner piles and a more uniform load
digtribution between the piles. It has been shown that, even a typica working load levels, this
reduction is dgnificant. This agpect is therefore of basic importance in pile group design (which is
srongly influenced by the high corner loads and moments predicted by linear eastic models) and
offers the prospect of more effective design techniques and significant savings in congtruction costs.
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