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a b s t r a c t

In designing piled raft foundations, controlling the total and differential settlements as well as the
induced bending moments of the raft is crucial. The majority of piled raft foundations have been designed
by placing piles uniformly. In such a design method, the settlements of the piled rafts are likely to be
large, which leads to an increase of the pile length and/or number of piles required to reduce the settle-
ments. However, this increase does not satisfy the requirement for economical design. On the basis of a
parametric study, this paper contributes a framework for considering an economical design methodology
in which piles are placed more densely beneath the column positions when the piled raft is subjected to
column loads. The analysis uses PLAXIS 3D software, and the validity of the parametric study is examined
through the results of centrifuge model tests conducted by the authors. The study shows that the concen-
trated pile arrangement method can help to considerably reduce the total and differential settlements as
well as the induced bending moments of the raft. Moreover, the effects of parameters, such as pile length,
pile number, raft thickness and load types, on the piled raft behavior are investigated. This study can help
practicing engineers choose pile and raft parameters in combination with the concentrated pile arrange-
ment method to produce an economical design.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Piled rafts have been widely adopted as an effective foundation
method for designing high-rise buildings because of their effi-
ciency in controlling the total and differential settlements and
improving bearing capacity. Furthermore, in the past few years,
there has been increasing recognition that, with optimal design,
piled rafts can achieve the most effective conditions and lead to
minimization of the total and differential settlements; thus, opti-
mal design can help to achieve optimal cost effectiveness. This
advantage is mainly derived from the piles, which play an impor-
tant role in the reduction of total and differential settlement.

For large piled rafts where the width of the raft exceeds the
length of the piles [10] and the piles are employed as a settlement
reducer, the piles need to be designed not only in terms of optimal
size and number of piles but also with the optimal arrangement
method according to the subjected load type. Kim et al. [4] pro-
posed three methods for optimally placing the piles according to
three load types: uniform, column and line loads. By placing the
piles according to these methods, the differential settlement of a
piled raft can be minimized. Moreover, Leung et al. [6] suggested

that implementing an optimized pile length configuration can both
increase the overall stiffness of the foundation and reduce the total
and differential settlements. Horikoshi and Randolph [3] proposed
an optimum design method by investigating the effects of chang-
ing several parameters, such as pile spacing, pile length and soil
depth, on the behavior of the piled raft. Poulos [9] suggested that
increasing the raft thickness can considerably reduce the differen-
tial settlement. Moreover, he proposed that increasing the number
of piles, while is generally beneficial, does not always produce the
best foundation performance and that there is an upper limit to the
number of piles beyond which very little additional benefit is
obtained. Nevertheless, there have only been a few studies on
the effects of combining pile arrangements with changes in the
parameters of the piles and raft on the piled raft behavior, which
employs the piles to reduce settlements.

Nguyen et al. [8] examined the feasibility of the concentrated
pile arrangement for reducing the total and differential settlements
and verified it through comparisons between centrifuge test re-
sults and calculated results obtained from numerical simulations
(finite element method using PLAXIS 3D). The centrifuge test re-
sults showed that the concentrated pile arrangement method can
result in lower total and differential settlements by approximately
30–40% compared to the uniform pile arrangement method. More-
over, it also helps to reduce the bending moment and restrict the
development of the maximum bending moment of the raft. The
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reliability of the numerical simulation by PLAXIS 3D was verified
by centrifuge tests.

Based on these results, this paper presents a parametric study
for investigating the optimum design for a large piled raft that em-
ploys piles as settlement reducers. The large piled raft model is
considered to be subjected to vertical, horizontal and moment
loads, but earthquake loading is not considered in this study. By
investigating the effects of changing the parameters of the piles
(pile length and number of piles) and raft (raft thickness and ap-
plied load types) on the settlements and induced bending mo-
ments of the raft, and by comparing the optimally arranged piled
raft model with the commonly designed piled raft model, this pa-
per may help practicing engineers in recognizing the preeminent
and economical qualities of optimizing pile arrangement in design-
ing piled rafts. Then, a series of numerical simulations for different
piled raft models are performed to make comparisons of the settle-
ments and induced bending moments between these piled raft
models. The compared results may contribute to a more economi-
cal design process for large piled raft foundations.

2. Measured and computed settlements of piled raft foundation
in centrifuge models

This section presents the results of the centrifuge test per-
formed to verify the advantages of the concentrated pile arrange-
ment method for a large piled raft subjected to column loads as
well as comparisons between the measured results and the calcu-
lated results obtained by numerical simulation via PLAXIS 3D. The
model tests were performed using the KOCED 240 g-ton geotechni-
cal centrifuge at Korea Advanced Institute of Science and Technol-
ogy, Korea (details can be found in Kim et al. [5]). The centrifuge
tests were performed with two piled raft models, one model with
a uniform pile arrangement and the other with a concentrated pile
arrangement. For these two models, the piles and raft, which is
flexible (raft thickness is approximately 0.542 m of reinforced con-
crete on the prototype scale), are the same size. The number of
piles is 16, and the pile length and pile diameter are 12.5 m and
0.6 m on the prototype scale, respectively (the centrifugal acceler-
ation is 50 g). Fig. 1 shows the model test layout. The settlements
of the rafts are monitored using eight linear displacement trans-
ducers (LVDTs) along two cross-sections, A–A and B–B. The bend-
ing moments of the rafts are monitored along section A–A by

strain gages attached to the bottoms of the rafts. Four columns
were used to reproduce the point loads on the foundation models.
The external load is unsymmetrically applied to the raft to create
differential settlement along the A–A and B–B sections. The soil
is loose silica sand with a relative density DR of approximately
40%. The details of these centrifuge tests can be found in Nguyen
et al. [8]. Fig. 2 shows the test model set-up.

Fig. 3 presents the settlements measured along the A–A and B–B
sections. It can be seen that the centrifuge test data show a general
trend that the total and differential settlements of the piled raft in-
crease with the increase of the total applied load. In addition, the
centrifuge results show that the total and differential settlements
of the piled raft with a concentrated pile arrangement are much
smaller than those of the piled raft with a uniform pile arrange-
ment when the applied load is large. There are several ways to ex-
plain how the optimal pile arrangement scheme can considerably
reduce the total and differential settlements. First, by placing nine
piles at column C1, the maximum settlement is reduced. Second,
when the pile spacing has a reasonable value, the interaction
among the piles increases, which causes an increase in the sup-
porting capacity of the pile group and therefore reduces the settle-
ment of the raft in the region of the pile group. Third, it can utilize
the capacity of the raft in regions that are subjected to small ap-
plied loads. In these regions, with or without the presence of piles,
the raft can support the amount of loads subjected to it, and its set-
tlement will remain at an acceptable value.

In comparing the centrifuge results and the results calculated
by PLAXIS 3D, the same trend arises during the development of
the differential settlement with an increase of the total load. The
results of the model with a uniform pile arrangement obtained
from PLAXIS 3D match those from the centrifuge tests fairly well,
whereas the maximum settlements of the model with a concen-
trated pile arrangement calculated by PLAXIS 3D are found to be
larger than those from the centrifuge tests. This phenomenon
may be related to the confinement effect which occurs in the cen-
trifuge tests of the concentrated pile arrangement case. The con-
finement effect contributes to increase the capacity of each pile
in the pile group and this makes the measured settlements be
smaller than the computed settlements.

Fig. 4 presents the induced bending moments of the two piled
raft models along section A–A. It can be seen that the concentrated
pile arrangement can also reduce the induced bending moment of
the raft. However, there are differences between the values

Fig. 1. Pile, column, cross section arrangement [8].
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