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ABSTRACT
In the past decade several papers have been published with emphasis on what are now called “piled-rafts”, i.e., pile groups in which
the raft connecting the pile heads positively contributes to the overall foundation behavior (for example Poulos, 1991; Ta and Small,
1996; Sales et al., 1999; Cunha et al., 2001). Hence, this paper continues on this line of research, exploring the numerical evaluation
of piled rafts and its advantages for a real case design.  The paper presents the results of a comparative and parametric analysis in 
which a numerical program developed exclusively for groups of deep foundations under general loading (vertical, horizontal and
moment loads) was used. It is concluded that an optimization procedure is suitable to technically and economically enhance the de-
sign of piled raft systems. 

RÉSUMÉ
Dans les révolu décennie plusieurs papiers d'identité ont été l'éditeur à insistance one se que êtes maintenant appelé `piled - train de 
flottage` , c'est à dire , épaisseur groupes dans lequel les train de flottage bielle les épaisseur le côté face positive contribuer aux total 
fondement comportement (par exemple Poulos, 1991; Ta and Small, 1996; Sales et al., 1999; Cunha et al. , 2001). De là , ça épreuve 
écrite reprendre one ça ligne de recherche exploring les numérique évaluation de épaisseur train de flottage et son avantages pour véri-
table étui visées. Les épreuve écrite le présent les résultats de une comparative et paramètre analyse dans lequel une numérique réper-
toire développé exclusivement pour groupes de profond fondations sous général majoration de prime (vertical , horizontal et moment
des tas de ) était utilisée. 

1 INTRODUCTION 

Recent papers have explored the idea of using piled raft founda-
tions as a foundation system for low cost constructions in the 
Brasília porous tropical clay, such as those by Cunha and Sales 
(1998), Cunha et al. (2000a and b), and Cunha et al. (2001).  
Cunha  and  Sales  (1998) presented  a  paper describing and dis-
cussing field loading tests carried out on small scale footings sup-
ported by a reduced number of piles.  These tests were performed 
at the University of Brasília research site, and have confirmed that 
this design methodology has a large potential (although with some 
restrictions) to be adopted with the collapsible porous clay of the 
Federal District. Cunha et al. (2000a) has focused on the influence 
of the input variables on the numerical analysis of piled rafts, 
whereas Cunha et al. (2000b) has advocated an “optimized” para-
metric procedure for the preliminary design of both piled rafts and 
standard deep foundations. Cunha et al. (2001) demonstrated the 
use of such an “optimized” procedure, since it has been tested 
against a real (and instrumented) case history in Tokyo.  The op-
timized procedure has also proved to lead to savings in the final 
foundation design. 

Therefore this paper explores the behavior of idealized piled 
raft situations in which the pile distribution is varied from case to 
case, i.e., when the pile location in relation to the raft is varied. 
Distinct loading systems on top of the raft are evaluated (distrib-
uted and concentrated) and several output parameters are cross-
compared in regard to the pile location beneath the raft. These pa-
rameters are the major ones required for the technical design of 
the system, as the maximum and minimum settlements across the 
raft, maximum and minimum moments and loads on top of the 
piles. Some major lessons are learned from this series of analyses.  

2 NUMERICAL TOOL 

The method developed by Hain and Lee (1978) considered the in-
teractions of the piles, raft and soil, but the rotations and horizon-
tal movements of a pile head induced by a vertical load applied to 
an adjacent pile or the soil surface were ignored. Ta and Small 
(1997) developed a method for analysis of a piled raft (with the 
raft on or off the ground) and, as for Hain and Lee’s method, the 
solutions were only for vertical loads. Zhang and Small (2000a) 
subsequently developed a method for analysis of piled raft founda-
tions subjected to both vertical and horizontal loadings. In this me-
thod, the interactions between raft and piles, raft and soil, piles 
and piles, piles and soil, and soil and soil were fully considered. 
However, the method could only deal with piled raft foundations 
clear of the ground.  

 Zhang and Small (2000b) have introduced an extension of the 
method presented by Zhang and Small (2000a), where the raft can 
be in contact with the ground surface. The approach uses a combi-
nation of the finite layer method for modeling the soil and the fi-
nite element method for simulating the raft and piles. The piled 
raft foundations can be subjected to horizontal and vertical loads 
as well as moments, and the movements of the piled raft in three 
directions (x, y, z) and rotations in two directions (x, y) may be 
computed by the program APRAF (analysis of piled raft founda-
tions). Comparisons of these new solutions with those of the finite 
element method have been successfully made by these authors, 
and the effects of parameters (adopted for the soil and raft) on the 
behavior of piled rafts have been examined. 

 As shown in Figure (1), reproduced from Zhang and Small 
(2000), the problem of the piled raft foundation can be solved by 
assuming that the forces between the piles and layered soil can be 
treated as a series of ring loads applied to ‘nodes’ along the pile 
shaft. These loads are both horizontal and vertical. The contact 
stresses that act between the raft and the soil can be considered to 
be made up of uniform rectangular blocks of pressure that ap-
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3 OPTIMIZATION CONCEPTSproximate the actual stress distribution. These can be considered 
uniform vertical blocks of pressure or uniform shear stresses. The
displacement of the layered soil can then easily be computed, as
the solution for a layered soil subjected to ring loads at the layer
interfaces may be obtained from finite layer theory.

The study of piled raft foundations involves a great range of inter-
dependent variables that form a complex problem that, most of the
time, is necessary to be solved with the adoption of some simpli-
fied hypotheses, or certain set of parameters to set up a model or a 
study of a certain factor of the systems´ behavior. For the optimi-
zation of foundation structures in piled raft, these simplification
concepts and the fixation of certain parameters are used, focusing
the optimization in a certain field of behavior of the system, as, for 
instance, the differential and total displacements, and the maxi-
mum forces, among other parameters. Usually the related work
developed in literature focus more the field of the differential dis-
placements, with the consequent reduction of moments in the raft. 
In this item, such concept is approached, simulating some cases of
piled raft foundations. 

Pz

Px
Mx

External forces
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Soil

Interface forces transferred from raft
to pile heads and soil surface

{Psp}

Interface forces
between the raft
and piles

Ring loads
acting on
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Interface forces
between the
raft and the soil

It is tried to illustrate herein how the displacement of the sys-
tem is developed when the configurations of the group are altered,
i.e. how the positioning and the number of piles reduce or increase
such displacements. In the present work, the influence of the posi-
tioning and of the number of piles in the group on displacements 
of the system is observed by the simulation of some situations and
configurations presented in Figure (1).

CASE 1 CASE 2 CASE 3 

CASE 4 CASE 5 CASE 6 

Figure (1) Modeling of piled raft (modified after Small and Zhang, 2000)

Firstly the response of the piles and soil (with no raft) is com-
puted by applying unit surface loads to the rectangular regions on
the ground surface or unit ring loads to the soil along the pile
shaft, or a unit uniform circular load at the base of the pile. The
deflections so computed can be used to form the influence matrix
for the soil. For the piles, a stiffness relationship may be written
based on shaft loads and on applied load at the pile heads. Three
noded linear bending elements are used to model the piles.

Figure (2) Cases of disposition of piles below the raft to displacements
analysis

The case 1 of Figure (1) shows the situation of an isolated raft.
The case 2, more common in practice, depicts a uniform pile dis-
tribution along the whole raft. The case 3 denotes a more strategic
positioning of piles, aiming at the reduction of displacements at 
the center and board of the raft. The cases 4, 5 and 6 are other
variations of the case 3, with radial distribution and variations of
the number of piles. 

Deflections of the soil or of the piles can be obtained for loads 
applied to the pile heads from the final stiffness relationship for
the pile-soil continuum. This method is not as efficient computa-
tionally as computing the interaction between two piles only (i.e.
the interaction method). However it is much more accurate, espe-
cially for piles at close spacing because all the piles are considered
at once.

For aforementioned simulations, the parameters adopted for the
materials (soil and concrete), the geometric configurations of the 
raft and pile were adopted in accordance to Table (1). 

Because the deflection of the piles can be computed when one
is loaded at the head, or when the ground surface is loaded, this
can be used to determine the behavior of the raft. Thus, by apply-
ing unit loads to the raft, its influence matrix may be obtained. By
applying unit pressures to the ground, or unit pressures and mo-
ments to the pile heads, an influence matrix for the soil-piles may
be obtained. Finally, by considering equilibrium of applied forces
and moments acting on the piles and raft, and compatibility of
displacements of the soil and raft (and of displacement and rota-
tion of the pile head and raft) enough equations may be assembled
to obtain the solution under general loading.

Table (1) Parameters adopted for the study of the positioning of piles
Parameter Adopted Value

Soil Module, Es 6 MPa 
Pile Module, Ep 18000 MPa 
Raft Module and Ep Ratio, Er/Ep 1,11

Ratio s/d
Function of adopted configuration – see
Figure (1)

Pile length and Diameter Pile Ratio,
l/d

35

Raft Dimensions, L e B B= L = (n-1).s + 2d
Vertical Loads (V) (uniform or con-
centric)

Uniform Distribuition (qz) e
concentrada (V), totaling 40 t.

Deep of Rigid Layer, h h = 10.L
Raft/Soil Stiffness, Krs Krs = 4.35
Contact Situations between soil and
the raft.

With Contact� piled raft

Hence, similar solutions to those presented by Zhang and
Small (2000b), and incorporated within the APRAF software, are
adopted herein to optimize an hypothetical piled raft foundation
case.
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3.1 Maximum and Minimum Displacements Figure (3)b illustrates the maximum and minimum differential
displacements that happened for each case and loading type. The
analyses were able to show a better understanding on the varia-
tional influence of the group configuration and load type on the
developed differential displacement of the system. In this way,
and with respect to Figure (3)b, it is noticed that:

The systems presented in Figure (2) were submitted to two types
of vertical loading: (a) vertical load centered on the raft and (b) 
vertical load uniformity distributed along the raft. The total verti-
cal force values resulting from the two types of loading are same. 
With this, the displacements on raft elements were calculated and
were determined with maximum, minimum and differential val-
ues. For each one of the configurations of the represented systems,
it was tabulated the respective displacements, being graphically
organized as illustrated in Figure (3).

• The differential displacements are quite influenced by the type
of loading imposed to the system. Their values are very large
when there are concentrated loads on the raft, in comparison
with the values obtained for uniform loads on the same raft sys-
tem. As commented above, besides presenting larger total dis-
placements, case 1 (isolated raft) is also the case with larger lev-
els of differential displacements in relation to the other cases;
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 (a)

Concentrated Uniform

• For the case of concentrated loads (more common in practice), it
is noticed that an uniform distribution of piles below the raft
(case 2) doesn't mean a more significant reduction of the level of
attained differential displacement. A simple rearrangement of 
the piles, as illustrated in case 4, provides a still better perform-
ance than in case 2, with lesser number of piles;

• For uniform loads along the raft, a homogeneous distribution of
piles underneath it (case 2) introduces a more efficient function-
ality than the one observed for the other concentrated load cases.
However, it is still possible to obtain a good overall performance
with a circular arrangement of piles below the raft (cases 4, 5
and 6), also reducing in such cases the number of adopted piles. 
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Concentrated Uniform
It is supposed that variations in the position and number of piles
underneath the raft provide consequent changes in the level of ab-
sorbed load for each of the adopted piles. Hence, it was tried
herein, in this item, the understanding of how these load altera-
tions would influence the obtained pile loads – with simultaneous
variations in the position and number of piles in the group.

(b)

For the cases presented in Figure (2), the variability of the
maximum and minimum values of attained vertical load in the
piles are presented in Figure (4). 
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Figure (3) Maximum e Minimum Displacements in systems: (a) total dis-
placements and (b) differential displacements

Observing the total displacement in Figure (3)a, it is noticed
that:
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• The maximum total displacements are larger for the case of
concentrated loading in all presented cases. Uniform loads sof-
ten up the differences among the maximum and minimum dis-
placements of the raft, in other words, an equally distributed
load along raft provides differential displacements that are
smaller in relation to the concentrated load. With respect to the
efficiency of the systems, it is noticed an important fact that, i.e.,
in spite of case 4 have presented a very small number of piles 
(five in the total), in relation to case 2 (with nine piles), the total
displacements of both are practically equivalent. This leads to 
the idea that the optimization of the positioning and of the num-
ber of piles in the system provides a great economy for the de-
sign, without affecting significantly the global behavior of sys-
tem – in displacement terms; 

Centrado

Concentrated
Uniforme

Uniform

• It is also noticed in this figure that the behavior of the system
with respect to the displacement practically stays constant, with
slight differences for cases 2 to 6. Nevertheless the introduction
of piles in the raft reduces in more than 60% the maximum dis-
placements in comparison with the case where the raft is iso-
lated (case 1).

Figure (4) Maximum e minimum vertical loads appeared in the piles

From this figure, it is noticed that:
• Both maximum (referred by Pz Max) and minimum (referred by

Pz Min) loads varied significantly with the disposition of the 
piles and with the loading type. In most of the cases, the values
of the maximum loads suffered a smaller variation with the
change of the load type (concentrated or uniform), than the
variations that happened with the values of attained minimum
pile loads; 
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4 CONCLUSIONS• A concentric distribution of the piles along the raft (case 5) pro-
vides a better distribution of loads in relation to the other cases,
for the both loading situations (concentrated or uniform). In case
5 the variability of load among the piles is lower than in case 2,
even considering that case 5 had on pile less than the other case;

This article presented a parametric study on the concepts of opti-
mization of foundations of the “piled raft” type. It compared the
performance of some variables of this foundation system, as the
pile arrangement and location below the raft and loading type
above it. From this study it was observed that the disposition of
the piles in a more concentrated way (in regard to the center of
loads) results in a better performance of the overall foundation
system. This is observed in relation to the obtained displacements,
moments and pile loads. It was also observed that the pile disposi-
tion and loading system affects the response of the overall system
in terms of aforementioned attained variables. Therefore, depend-
ing on the variable of up most importance for the design (as 
maximum differential settlement, for instance), a particular raft
configuration and pile arrangement shall be devised.

• case 4, designed with a number of piles reduced in about 55% in
relation to case 2, is a classic example of the idea of reducing
foundation costs by using the piles as “displacement reducers” 
and as “creep” piles. A marginal increase in the level of dis-
placements (from cases 2 to 4) is obtained by allowing the piles
of the system to reach their full load capacity, i.e., to be fully
mobilized (as noticed for the piles of case 4).

3.3 Maximum Bending Moments 

The paper reinforces comments from previous publications in
this (on going) research line, indicating and advocating an optimi-
zation procedure to technically and economically enhance the de-
sign of piled raft foundation systems.

As well as the evaluation of the previous variables, the assessment
of the developed moments in the raft was carried out, in both x 
and y directions, and for each loading situation & pile position.
The results are presented in Figure (5).
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Figure (5) Maximum moment in the directions x and y for the analyzed
cases.
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