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Piled raft foundation analysis by finite elements
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ABSTRACT: A program for the analysis of pile-raft foundation systems has been developed. The piles
are modelled with rod elements and the raft by ‘thin’ plate elements. The three kinds of interactions,
namely pile-soil-pile, pile-soil-raft and raft-soil-raft are accounted for using the elastic theory of Mindlin.
Results have been validated against elastic solutions for a range of pile/soil/raft stifiness properties.

1 INTRODUCTION ness in the form of {-z springs, and the interactions

. bets, =n the piles through the soil.
Heavy structures are regularly supported on piled

raft foundations, yet relatively little is known about
the complex interactions that occur between the

i . . Axial Load i
raft, piles and soil. Current design methods are aes fxial Load
based on approximate analysis of the interaction be- y ¥

tween the pile group and the raft (Randolph 1983, '2 '}

Fleming et al 1985). Recent experience by the au-
thors on practical problems of this type, have high- 1
lighted the need for a more systematic approach —}‘ 1 e 3

to the analysis of these soil/structure interactions.
The result of work by Clancy (1990) has led to
the development of a general purpose finite element
method for computing deflections and moments in a F}
piled raft foundation. The program allows the stiff-
ness of the raft, the soil and the piles to be varied
together with the pile group spacing and loading, ’} ’_i
This paper describes some of the main features of 8

the method and presents results for a 3 by 3 pile

group. 1 One-dimensional pile element

2 @Ground resistance at each node represented by

2 PILE GROUP non-linear 'T-Z' springs

3 Pile-soil-pile interaction effects calculated

A solution ile-soil-pile i L
ion to the problem of plle soil plle nferdn between pairs of nodes using Mindlin's equation

tion in the analysis of pile groups has been sug-
gested by Chow (1986,1987), and a computer cod- Figure 1. Representation of piles and soil.
ing of this method has been presented by Smith and
Griffiths (1988). Figure 1 shows the main points of

A : Chow’s work is based on the popul thod
the analysis, namely the pile stiffness, the soil stiff- b it il o

of single pile analysis where one-dimensional beam-
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column finite elements are used to model the pile.
The soil response is modelled by a discrete spring
at each node, based on load transfer curves sug-
gested by Seed and Reese (1957), (referred to as t-z
or p-y curves, depending on whether axial or lateral
response is being considered).

In the present work, only linear ¢-z response has
been considered, with the gradient of the t-z curve
linked to the elastic soil modulus using the relation-
ships proposed by Randolph and Wroth (1978).

To model a pile group, Mindlin’s (1936) elas-
tic continuum solution, for displacements due to a
point load, is used to provide interaction effects be-
tween pile nodes.

Although only axially-loaded vertical piles have
been considered here, the method can be extended
to look at more general pile groups with lateral load-
ing and raked piles, and is*capable of modelling
a soil in which the stiffness increases linearly with
depth.

Unlike the boundary element method, consid-
eration of non- homogeneous soil and soil non-
linearity do not increase the size of the system of
equations to be solved.

3 PLATE ELEMENT

To model the raft, a four-node quadrilateral
isoparametric plate bending finite element (Hughes,
1987; Huang, 1989) was first considered. The ele-
ment had three freedoms at each node: a transverse
displacement and two rotations. Although in this
application a ‘thin’ plate was being considered, the
element was based on ‘thick’ plate theory such that
transverse shear strains were accounted for.

It had been demonstrated that under full inte-
gration the element would give excessively stiff solu-
tions in thin plate applications. This ‘shear locking’
behaviour can be overcome by using reduced inte-
gration on the shear term in the stiffness matrix.

The plate bending finite elements were attached
to the piles so that vertical freedoms were common
at the connected nodes. To test the adequacy of
this arrangement, the raft was given a very high
stiffness. Thus when a uniformly distributed load
was applied, a uniform displacement of the raft was
expected. However, this wasn’t observed because
the reduced integration technique had allowed for-
mation of two spurious zero-energy modes. Under
other circumstances, e.g. a simply- supported or

fixed boundary condition, these modes would be un:
able to form (Clancy and Griffiths 1991).

A second, triangular isoparametric element, alsc
based on thick plate theory (Zienkiewicz and Lefeb:
vre, 1988) was considered. Again, reduced integra
tion was employed to avoid shear locking, but the
use of ‘bubble functions’ prevented the formation of
spurious zero-energy modes. However, it was found
that a large number of degrees of freedom were re;
quired to ensure convergence to a solution.

.';5.‘;'“* | J

3 Plate-bending
finite element
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mesh
0 T o
1
(o] [s]

1 Pile-soil-pile interaction
2 Pile-soil-raft / raft-soil-pile interaction

3 Raft-seil-raft interaction

Full pile group analysis
including raft-soil-pile interaction

Figure 2.

The third element considered was a four-node
rectangle (Smith and Griffiths, 1988) and, unlike
the others, non- isoparametric which meant that it
was no longer possible to model a general raft ge-
ometry. However, the element was based on ‘thin’
plate theory so that no shear locking was encoun-
tered, even under full integration. It was also found
that fewer freedoms were required for convergence
because of a fourth ‘twist’ freedom at each node.

Results of a number of plate bending tests
showed that the non-isoparametric element was far
superior where the geometry of the problem allowed
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' its use. In cases where the raft can't be exactly

modelled by rectangular elements, it might be ade-
- quate to use the element in a piecewise approxima-
- tion.

| 4 RAFT-SOIL-PILE INTERACTION

' Having decided on the most suitable plate-bending

- finite element to model a pile raft, and having at-
tached it to the piles via common vertical freedoms,
all that remained was to take account of raft-soil-
pile interaction.

Hain and Lee (1978) had also used finite ele-
ments to model a raft, in conjunction with a bound-
ary element pile group analysis. Following their
method, it was assumed that a uniform pressure
area existed around each raft node. This allowed
the elastic solutions of Giroud (1968) to be used
to provide a soil ‘spring’ stiffness at each raft node.
Mindlin’s equation was again used to calculate three
new sets of interaction: raft-soil-raft interaction;
raft-soil-pile interaction; and pile-soil-raft interac-
tion (figure 2).

Before analysing the complete raft-soil-pile sys-
tem, this method of raft analysis was checked
against analytical solutions given in the Sydney
University data sheets. Figure 3 shows a typical
set of results for a raft of length L and breadth B
supported only by soil, with a point load P acting
along the centreline a distance <L from one end.
The bending stiffness of the raft is proportional to
the Young's modulus E., and the cube of the thick-
ness {. Following Hain and Lee (1978), a raft-soil
stiffness ratio K., is introduced given by:

K., = raft-soil stiffness
=4F Bt*(1 — v?) /37 E,L*

where F, and v, are respectively the Young’s mod-
- ulus and Poisson’s ratio for the soil.

The results in figure 3 are for the case of L/B =
10, K,, = 0.001 (a very flexible raft) and s = 0.1
and 0.5. The centreline displacement w is plotted
normalised as wLE,/P(1 — »?). Bending moments

- in the plane of the centreline are plotted normalised

as M/PL.

The finite element analysis shows very good
agreement with the analytical results in this case.

| Equally good results were obtained for all raft stiff-
nesses.

Applied
load
B e e e
» Vs
sL |
L &l
0 2 4 5 8 10
@' 0
< 4 FE,s=0.1
g =2
g =3 * FE,s=05
= -4
5 -5 O Analytical, s=0.1
E
§ e & Analytical, 5=0.5
2
lacement Di =
0.05
0 4~ FE., =0.1
= 0.03
£ o0 4+ FE, 505
E 0.01
£ O Analytical, 5=0.1
0
-0.01 10 | ® Analytical, 5=0.5
0.02
Bending Momeni Distributions. K=0.001
Figure 3. Raft footing: Displacements and

bending moments.

A complete piled raft analysis has been under-
taken for a 3 by 3 square pile group (see figure 4).
the piles have length [, diameter d, Young’s mod-
ulus F, and are spaced at distance s. The raft is
square with an overhang of s/2 beyond the outer
piles, giving L = B = 3s. the problem may be
defined in terms of a series of dimensionless groups:

pile length Ljd 25
pile spacing sfd 5
pile/soil stiffness Ky, = £,/E, 10% —10°
raft aspect ratio L/B 1

raft/soil stiffness K, 0.01 —10

In figure 4, results are presented for the case of
a uniform pressure load g, in terms of:
a) Load sharing between pile group and raft.
b) Average displacement gy,
Wao s [qB(1 — v2).
¢) Differential displacement wmid—cdge — Weentre, NOI-
malised as (wmid—ﬂd,ge - wcgntre)/wau-
d) Maximum bending moment in raft M,,,, nor-
malised as M,,../qLB%.

normalised as
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Figure 4.

In addition to the piled raft, results are shown
for the free- standing pile group and for the raft
alone. It can be seen that the load sharing and
the average displacement of the raft are dependent
mainly on the pile-soil stiffness ratio. The differ-
ential displacements and bending moments are de-
pendent on the raft-soil stiffness ratio.
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Figure 5. Comparison between the present
analysis and the approximate

method of Randolph.

The results from the analyses with K., = 10
were compared with the approximate method of
piled raft analysis proposed by Randolph (1983).
Figure 5 shows how the overall stiffness of the foun-
dation and the load distribution between piles and
raft vary as the stiffness of the piles is increased.

Although the results of Randolph’s analysis
show the correct trends across the range, the val-
ues of the results differ by up to 6% in the case of
foundation stiffness, and up to 30% in the case of
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load distribution. the use of a finer raft mesh in the
present analysis brings the difference in load distri-
bution up to 45%.

5 CONCLUSIONS

A method of analysis for pile-raft systems has been
developed using finite elements. The three kinds of
interactions, namely pile-soil-pile, pile-soil-raft and
raft-soil-raft are accounted for using the elastic the-
ory of Mindlin.

In isolation, both the pile group analysis and the
raft analysis have been demonstrated to give results
consistent with elastic theory.

Example runs on a 3 by 3 rafted pile group give
expected trends in both displacements and load dis-
tributions, as the stiffnesses of the piles and raft are
varied. Comparison of results with an approximate
method by Randolph (1983) show similar trends,
although values differ.

Further work will be performed in order to vali-
date the program against field performance, but the
early indications are that the method represents an
improved yet efficient method of analysis for piled
raft foundations.
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