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ABSTRACT

Foundations on piled rafts have been increasingly used in many countries. The idea of this approach 
is to combine a shallow raft with only the enough number of piles beneath the raft, in order to 
achieve the necessary bearing capacity and acceptable settlement. This paper presents the use of 
optimization techniques to determine the best raft thickness, number and position of piles. The 
method of optimization known as “Branch and Bound” was combined with a specific piled raft 
program (GARP). An example of piled raft with different load sets is presented and analysed with 
this numerical approach. The results show the advantages of using this numerical procedure to 
technically and economically enhance the design of piled raft foundation system. 

1 INTRODUCTION

Increasing costs of real state are usually followed by the construction of higher buildings. Large pile 
groups and piled rafts have often been applied as foundation solutions to this kind of project. 

Foundation engineers are widely recognizing that settlement-based foundation design can often 
lead to considerable economy without compromising the safety and performance of the foundation. 
Combined foundations, incorporating a raft and piles, have been developed. The analysis of such 
foundations must take into account the various interactions within the pile-soil-raft system. 

Poulos (1994a) has suggested that a rational design process for piled rafts should involve two stages: 
i) a preliminary stage to estimate the settlement and number of piles which may be required to 

satisfy design requirements, normally using hand calculation methods; 
ii) a detailed stage to assess the optimum number, location and configuration of the piles, and 

to calculate the detailed distributions of settlement, bending moments and shear in the 
foundation system. This step generally demands the use of a computer program that 
accounts for the pile-soil-raft interaction. 

Many programs have been developed in the last fifteen years. Clancy and Randolph (1993) presented 
the HyPR program, which analyses the raft by the Finite Element Method (FEM) and considering the 
piles as sets of joined springs. Poulos (1994b) published the first paper using GARP. On more recent 
versions (GARP6 and following versions - Small and Poulos, 1998) the raft is analysed as a plate 
(FEM) and all interactions within the pile-soil-raft are taking into account. El-Mossalamy and Franke 
(1997) presented the program GAPR, that uses boundary elements method to predict piled raft 
behaviour. Zhang and Small (2000) developed the program APPRAF that uses finite layer technique 
to deal with piled raft subjected to horizontal and vertical loads. 

Despite the great number of numerical tools dedicated to the prediction of the piled raft 
performance, all input data are still idealized and informed by the user without automatical 
optimization. Some papers have presented the analysis of piled raft on which the number and 
position of piles, raft thickness and other geometric data were varied to achieve a better 
foundation performance. However, all the alternatives analysed were chosen based on the 
experience of the designers (“manual optimization”). 
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7As an example of the aforementioned approach, Poulos (1994a) described the analysis of Akasaka 

building in São Paulo, Brazil. The author suggested the use of six piles (rather than the 23 piles 
initially proposed) underneath the footing, assuring a maximum settlement of 30mm and a security 
factor above “2”. Horikoshi and Randolph (1998) carried out a parametric study to optimize a piled 
raft. The main purpose was to reduce basically the differential settlement. The authors suggested, 
among other remarks, to install the piles on the 16-25% central part of the raft; to limit the load 
capacity of piles around 40-70% of total applied load and to avoid that the piles load go over 80% of 
its bearing capacity, in order to prevent excessive settlement. Cunha et al. (2000) re-analysed the 
performance of a 20-piled raft foundation of a building in Japan, originally published by Yamashita 
et al. (1994). They showed that varying the raft thickness, the pile length and the number of piles it 
would be possible to achieve a less expensive solution of foundation. Sales et al. (2002) presented 
the case of a 17-floor building in Brasília (Brazil). A group of 25-pile with 1.2m in diameter and 13m 
in length was studied as a piled raft. The authors concluded that 13 piles were enough to guarantee 
the necessary maximum and differential settlement. 

2 THE “BRANCH AND BOUND” OPTIMIZATIN METHOD 

The “Branch and Bound” method is a discrete programming technique that was developed from 
solutions of linear programming problems (LPP), involving functions of integer variables. The 
problem may be solved adding constraints to force a solution comprised of integer numbers to the 
variables. The following numerical example is presented to better explain this idea: 
 i) to determine  x1, x2

+;
 ii) that maximize z = 5x1 + 8x2      (1) 
 iii) satisfying x1 + x2  6       (2) 
                                                                  and 5x1 + 9x2  45       (3) 

The “z” function, stated on Eq. 1, is the “objective function” that represents the optimization 
problem to be solved. Figure 1 shows some trials. Considering real numbers, the optimum solution 
would be “x1 = 2.25” and “x2 = 3.75”, resulting in “z = 41.25”. Taking into account that “x1, x2

+”, the final result of objective function (z) will be inferior to “41.25”. Considering that “x2” must 
be an integer, the original problem can be divided in two sub-problems: the first one considering 
“x2  4” and the second one with “x2  3”. The objective function would result in “41” and “39”, 
respectively. The left “branch” (first hypothesis) seems to be promising, since reached a higher 
value to “z-function”. Adding the constraint that “x1” also should be a whole number and so on, all 
combinations of tries are represented on Figure 1. 

The term “branch” arises from the fact that the method makes partitions of the variables domain 
when looking for the solution. The graphic representation of these tries would be similar to a 
“tree”, on which each partition would be a “branch”. The term “bound” makes allusion to the fact 
that is not necessary to follow or to solve all branches of the tree, but only the “more favourable 
ones”. The not auspicious branches of the tree could be pruned. 

Nowadays, this kind of technique is called “internal programming” and can be used to solve linear 
programming problems, not only with whole numbers, but also when the variables must assume 
discrete values. 

3 OPTIMIZATION ALGORITHM 

The “Branch and Bound” technique was combined with the program GARP6 (Small and Poulos, 
1998). This program considers the raft to be divided into “elastic thin plate finite elements” over 
interacting piles, taking into account the various raft-soil-pile interactions via approximate elastic 
solutions. GARP6 features are described by Poulos (1994b) and other papers. 

In the present version of the program, the objective function was the minimization of the 
foundation costs (raft and piles). The project variables were raft thickness; number and position of 
piles and the constraints were the total and also the differential settlements. It is assumed that all 
material properties, total loads, piles stiffness, piles and soil maximum bearing capacity, 
interaction factors and raft dimensions in plant are known. 
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Figure 1 Steps of the maximization of the objective function presented on Eq. (1). 

The algorithm was structured using “branch and bound” basis, where only the promising
alternatives are analysed. At first, the number and position of possible piles are searched. The raft 
thickness is increased (using predefined increment) only after all pile combinations are analysed.

Since the pile position should be informed to the program GARP6, the algorithm established a binary
code to identify the piles. The number “0” represents that no pile is underneath that element (only 
soil) and “1” states the pile presence. The program can not place the piles at any position, but only
at pre-established elements.

The program begins the optimization process assuming the foundation as been comprised by only 
the raft and gradually increases the number of piles. The price of each new configuration of piled
raft is calculated. The program will calculate the behaviour of this new configuration only if it has a 
price lower or equal to the satisfactory solution that was previously calculated.

To summarize, if “m” possibilities exist to the raft thickness and “n” to the maximum number of
piles, the tree of alternatives would have “m.2n” branches. Only some of these branches would be
analysed. The number of alternatives will increase if the acceptable settlement is decreased. It will
be still possible that none of the alternatives satisfies the intended behaviour and, some of the
initial assumptions (raft geometry, pile stiffness or maximum pile number) should be changed.

4 EXAMPLE OF A PILED RAFT OPTIMIZATION 

A hypothetical symmetrical squared piled raft, with 9 piles (3x3), was optimized. Figure 2
represents the soil profile and the FEM mesh, representing the raft and pile positions. Figure 2b 
shows the possible positions of the piles. In other words, 9 piles may be used, but only at the
elements 11; 14; 17; 38; 41; 44; 65; 68 and 71, and numbering them from 1 to 9, respectively.



235ANAlyticAl ANd NumericAl

Common Ground ProCeedinGs 10th AustrAliA new ZeAlAnd ConferenCe on GeomeChAniCs BrisBAne 

c
O

m
m

O
n

 g
r

O
u

n
d

 0
7

Es = 100 MPa

Es = 70 MPa
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(a) (b)
Figure 2 Soil profile (a) and elements of raft mesh (b) used on the 9-pile raft example. 

A Poisson’s ratio of 0.35 was assumed to all soil layers and an ultimate load capacity of 500 kPa was
chosen to the soil underneath the raft. Table 1 summarizesresumes most of the main properties
used in the analyses. 

Table 1. Raft and piles properties.
Raft Pile

property value property value
 dimension 9 x 9 m  diameter 1.0 m 
 initial thickness 1.0 m  length 10 m
 thickness increment 0.1m (up to 10 increm.)  material Concrete (E=20 GPa) 
 Young modulus 20 GPa  stiffness 450 MN/m 
 Poisson’s ratio 0.2  compr. load capacity 10 MN
 mesh 81 elm. (1x1m)  tension load capacity 0 MN

Five different sets of load were applied, exemplifying real situations. All combinations have the
same total vertical load (24.3 MN), but applied at different elements:

a) case 1: a distributed load of 300 kPa over all raft elements;
b) case 2: a distributed load of 24,300 kPa only at the element 41; 
c) case 3: a distributed load of 24,300 kPa only at the element 51 (ex = ey = 1.0m);
d) case 4: three symmetrically distributed load of 8,100 kPa at the elements 24, 39 and 60; 
e) case 5: loads on asymmetrical elements. 5,400 kPa at the elements 11, 35 and 53 and

also 2700 kPa at the elements 23, 49 and 79. The total load is the same, but now with 
an eccentricity of 0.333m on the x-axis and of 0.778 on the y-axis.

Table 2 presents the results of the five different load cases aforementioned, using the program
GARP6 with the optimization tool. It was sought the better pile positions (minimum cost) to fulfill
the requirements of a maximum angular distortion of 1/300 on every each two points of the raft and
the specified total maximum settlement (shown at the table). Others constraints could be included
if necessary, such as maximum moments.

Some observations may be drawn based on the results presented in Table 2: 
In general, all the pile positions defined by the optimization process are in
agreement with the load distribution. Some of them could be chosen based on
observation and experience, but others are not obvious;
The Case 1 (well distributed load) results in the expected tendency of symmetry of
the piles, but with a better performance with peripheral piles;
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7 Table 2. Different found piles configuration after the piled raft optimization.

Case
Allowed
settl.
(mm)

Pile
Configuration

Max. settl. 
(mm)

Min. settl. 
(mm)

Raft
Thickness

(m)

% load on 
the raft 

Cost (US$) 

40 37.07 30.52 1.0 45.73 26,375

35 31.41 22.29 1.0 33.35 28,517

30 25.49 20.41 1.0 23.77 30,659

25 22.60 19.90 1.0 19.76 32,801

1

20 19.16 17.59 1.0 12.69 39,227

40 32.85 22.94 1.0 31.24 28,517

35 32.85 22.94 1.0 31.24 28,517

30 27.06 17.29 1.0 18.66 32,801

25 23.86 11.49 1.0 9.85 41,369

2

20 19.97 15.58 1.5 11.04 52,414

40 37.79 20.59 1.0 37.91 26,375

35 29.52 18.28 1.0 24.44 30,659

30 29.52 18.28 1.0 24.44 30,659

25 24.50 6.47 1.2 19.8 43,645

3

20 not possible

40 36.45 28.74 1.0 43.24 26,375

35 31.21 25.78 1.0 34.02 28,517

30 27.12 20.26 1.0 24.24 30,659

25 24.86 19.54 1.0 21.02 32,801

4

20 19.93 14.87 1.2 10.99 45,787

40 39.02 22.95 1.0 42.84 26,375

35 30.60 19.82 1.0 30.73 28,517

30 27.09 16.02 1.0 25.84 30,659

25 23.51 16.84 1.0 20.70 32,801

5

20 not possible

When the loads were close to the central point of the raft (cases 2 and 4), the
program found optimum scenarios with piles also around this position;
On the cases with eccentric loads (cases 3 and 5), the program have defined the
optimized arrangement of piles trying to compensate for existing moments;
The program could not found the solution for two critical situations (cases 3 and 5)
with a very rigorous allowed settlement (20mm). The reason was that even with
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79 piles and the maximum raft thickness (2,0m) the foundation would present a large 

settlement. At the beginning, the increase of raft thickness was efficient to reduce 
the differential settlement (high stiffness to the raft), but after some increments 
the raft behaviour was similar to a very stiff plate rotating as a rigid body. A better 
solution would be to change the foundation geometry, using a large raft and/or 
using more piles. 

5 CONCLUSIONS 

The presented optimization program appears to be an efficient tool to improve piled raft design, 
which can greatly help real projects. It was presented only a version that allows changes on the 
number of piles, pile position and raft thickness. Nevertheless, others aspects could be investigated 
on the optimization process, such as pile length (or stiffness), pile diameter and raft geometry. 

An example was shown of a pile enhanced raft, with up to 9 piles, supporting five different load 
scenarios, but with the same total vertical value. The final configuration was very dependent of 
how the load was distributed on to the raft. When the applied load had a uniformly distribution over 
the entire raft, the external piles were more efficient to achieve the imposed constraint (maximum 
total settlement and angular distortion). On the other hand, the cases with central loads had the 
optimized process indicating that central piles would be more efficient. The cases with 
eccentrically loads had achieved a configuration with piles at positions that would compensate the 
generated moment. 
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