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ABSTRACT: Piled-raft consists of pile group and raft. From the pile group point of view, the presence of raft provides an additional bearing
capacity to the pile group. From the raft point of the presence of piles reduces the settlement of the raft. Bearing capacity and settlement of
piled-raft foundation involve a complex soil-structure interaction. Since the pile configuration, pile stiffness, raft stiffness, and soil properties
may vary, there are several combination of parameters involved in the piled-raft group foundation analysis. Several methods have been
proposed in the analysis of piled-raft foundation. The methods vary in the way of treated the piles, raft, and soil. Generally, the methods
consist of analytical method, numerical method, small-scale foundation test, and large-scale foundation test. This paper presents a review of
the advancement of bearing capacity and settlement analysis of piled-raft foundation. The present as well as the classical methods of analysis
are reviewed and discussed. The review shows that numerical method calibrated with small-scale laboratory lest is a promising method to
analyse bearing capacity and settlement behaviour of piled-raft group.
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1. INTRODUCTION

Pile is used to sustain load from the upper structure when the ground
soil strength is low by transferring the load to a soil layer that has
enough strength (e.g. Poulos and Davis, 1980; Bowles, 1996;
Tomlinson, 1994). In the practice, the piles are arranged in a group
with a pile cap. The pile cap can be located above ground surface or
in contact with ground surface.

In the case where the pile cap is in contact with ground surface,
actually the cap can be considered as a raft. The pile cap may
provide an additional bearing capacity to the pile group. Thus the
system can be considered as a piled-raft group.

Piles can also be added to a raft foundation. In this condition,
piles work to reduce settlement of a raft foundation that has enough
bearing capacity but has an excessive settlement. The system can
also be considered as a piled-raft group.

To obtain a general behaviour the bearing capacity and
settlement of piled-raft group is difficult for the following reasons: (i)
A large number of combination of pile group configuration can
occur, (ii) A large number combination of pile group-raft stiffness
can occur, (iii) The high load that is required to perform a full-scale
load test, (iv) Different stress-strain behaviour between a small-scale
and a full-scale tests.

This paper presents a summary of the advancement of bearing
capacity and settlement analyses of piled-raft foundation. Several
methods of analysis are reviewed and discussed. Finally the
prospective method of analysis is recommended.

2. ANALYTICAL METHOD

Several analytical methods have been proposed to design piled-raft.
Hain and Lee (1978) analysed the raft as a flexible elastic plate. The
piles were modelled as compressible friction piles and the soil were
modelled as elastic material. The effect of the piles to reduce
settlement was analysed.

Davis and Poulos (1972) introduced an analytical method to
calculate settlement of piled-raft group. The calculation of
settlement of piled-raft group was based on the calculation of pile
group settlement by considering the effect of pile cap. In the
calculation of pile group settlement, the effect of settlement of one
pile to other piles in the group was considered. The method was
developed based on an elastic linear assumption. Thus, the piles, the
pile cap, and the soil were in an elastic condition. Davis and Poulos
(1972) also proposed a method to generate a simplified load-
settlement curve of piled-raft group. In the proposed method, it was
assumed that the load was carried by the pile group first and the

corresponding settlement was then calculated. After the pile group
reach its ultimate capacity, the remaining load was carried by the
raft and the corresponding settlement was then computed. The load-
settlement curve consisted of two linear sections: (i) The first linear
section corresponds to the load-settlement of pile group; (ii) The
second linear section corresponds to the load-settlement of raft.

Randolph (1983) proposed an analytical method to analyse the
load proportion between the pile group and the raft and the
settlement of piled-raft group based on average behaviour. The
proportion of load carried by pile group and the raft can be
computed incorporating the stiffness of the pile group and the
stiffness of the raft.

Randolph (1994) introduced a parameter of the stiffness of
piled-raft and an interaction factor. The proportion of load carried
by the pile group and the raft can be computed using these factors.

3. NUMERICAL METHOD

Poulos (1991) idealized the raft in a piled-raft group as strip and the
piles in a piled-raft group as springs. A computer program GASP
(Geotechnical Analysis of Strip with Piles) was developed to
accommodate the idealization.

Lee (1993) performed a piled-raft numerical analysis. Lade and
Duncan-Chang stress-strain model were used to model the soil. Both
piled-raft and raft foundations were analysed. Settlement of piled-
raft group and bending moment of raft were obtained in this analysis.

Poulos (1994) performed numerical analyses of interaction
among piles and between pile group and raft. The analysis was
based on elastic condition. The analysis was incorporated in a
computer program GARP (Geotechnical Analysis of Raft with Piles).

Ta and Small (1996) used finite element method to analyse
piled-raft group. The analysis was a 2-D analysis incorporating the
interaction factor. Therefore, the 3-D condition can be
accommodated with lesser computation effort. The method was able
to model a piled-raft group in layered soil.

Long, D. C. (2016) performed analysis on a building founded on
piled-raft group. The analysis was performed using a commercial 3-
D finite element software. In the analysis, it was assumed that the
load was carried by the raft first. After the raft reached its ultimate
capacity, the remaining load was then carried by the piles.
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4. ANALYTICAL-NUMERICAL METHOD

Clancy and Randolph (1993) proposed an analytical-numerical
method to calculate load carried by pile group, load carried by raft
and settlement of piled-raft group. Piled-raft group was modelled
numerically. The interaction factors among piles were calculated
analytically. Settlement of piled-raft group can be obtained using
this method.

5. SMALL-SCALE LABORATORY MODEL TEST

Sengara et al. (2018) performed a small scale laboratory tests. It was
found that the load applied to the piled-raft group was shared
between the pile group and the raft. In addition, it was observed that
the higher the number of piles, the lower the settlement of piled-raft
group. This trend indicated that the presence of piles reduces the
settlement of the raft.

6. NUMERICAL METHOD SUPPLEMENTED BY
SMALL-SCALE LABORATORY TEST

Long, P. D. (2011) performed laboratory tests of piled-raft small
scale model. Based on these result, several buildings on piled-raft
group were analysed with a commercial software. In the analysis it
was assumed that when a piled-raft group was loaded, the load was
carried firstly by the piles until the ultimate bearing capacity was
reached. After the piles reach the ultimate bearing capacity, the
remaining load was carried by the raft.

7. ANALYTICAL METHOD SUPPLEMENTED BY
SMALL-SCALE LABORATORY TEST

Nguyen et al. (2013) proposed an analytical method to design piled-
raft group. The interaction factor was proposed to calculate
settlement and piles bending moment. The method was then
calibrated with small-scale laboratory tests and centrifuge tests.

8. NUMERICAL ANALYSIS ON ACTUAL PILED-RAFT
GROUP

Naylor and Hooper (1974) performed numerical analysis to predict
the short- and long-term behaviour of piled-raft on London clay.
Sengara (1997) performed analysis on an actual piled-raft group.
The load-settlement of single pile was measured in the field. A
numerical analysis was then used to simulate the load-settlement
curve. The simulated load-settlement curve was close to that
obtained from field measurement. Although the analysis was
performed on the load-settlement of single pile, the method of
obtaining interface parameters for numerical analysis was thorough.

9. NUMERICAL METHOD
LARGE-SCALE FIELD TEST

SUPPLEMENTED BY

Hussein (2018) performed a large-scale field loading test on piled-
raft group. The large-scale piled-raft group was then simulated in a
3-D numerical model. The numerical model was calibrated to obtain
close results to the large-scale model.

10. DISCUSSION

The comparison of the previous analysis method is shown in Table
1. Generally the method of analysis of piled-raft group can be
categorized as: (i) Analytical method; (i) Numerical method; (iii)
Small-scale laboratory model test method; (iv) Large-scale field
model test or instrumentation on an actual piled-raft group. Several
methods of analysis consist of more than one method.

Analytical method provides a strong theoretical basis. However,
a closed form solution is not always available to accommodate a
complex pile group configuration. In addition, it is not easy to vary
pile group configuration in an analysis of piled-raft group using this
method.

Table 1 Comparison of the previous methods of analysis

Basis in Development of the Method

Method Analytic

Numeric

Large-scale
Field Model Test /
Instrumentation
on Actual Piled-
Raft Group

Small-scale Lab.
Model Test

Naylor and Hooper (1974)

Hain and Lee (1978)

Davis and Poulos (1972)

Randolph (1983)

Poulos (1991)

< |2 |2 |2 |<

Clancy and Randolph (1993)

Lee (1993)

Poulos (1994a)

< |2 | < [<2

Poulos (1994b)

Randolph (1994) N

Ta and Small (1996)

Long, P. D. (2011)

< |2

Nguyen et al. (2013) N

< | <]

Long, D. C. (2016)

Hussein et al. (2018)

Sengara et al. (2018)
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Figure 1 Preliminary flow diagram for the analysis using numerical
method calibrated with small-scale laboratory test

In the numerical methods, the pile group configuration can be
varied and analysed easily. Thus, this method can accommodate the
weakness of the analytical method. However, to obtain
representative input parameters in the numerical analysis is not easy.
A calibration process between the numerical analysis and full-scale
or small-scale model tests is required to obtain the representative
parameters.

Full-scale model test is the technically best among the methods
considered in this paper. This method can simulate the stress-strain
condition in the actual foundation. However, the method costs the
most among the methods considered in this paper. The amount of
material and the instrumentations require high cost.

Considering both the technical performance of analysis and the
cost of analysis, numerical method calibrated with small-scale
laboratory tests is a promising method to analyse bearing capacity
and settlement behaviour of piled-raft group. A laboratory small-
scale test can be used to calibrate the numerical model. The
numerical analysis can then be used to analysis several pile group
configurations as well as the pile group and raft stiffness’s in a
piled-raft group. A scaling analysis (e.g. Altace and Fellenius, 1994)
can be performed to convert the small-scale stress-strain condition
to the full-scale stress-strain condition.

A preliminary flow diagram for the analysis using numerical
method calibrated with small-scale laboratory test is shown in
Figure 1. The piled-raft group parameters and soil mechanical
parameters are first obtained. The load-settlement curve and the load
distribution along the piles are then obtained. The numerical model
is then created incorporating the piled-raft group, soil, and soil-pile
interface parameters. The numerical analysis is then performed and
the soil-pile interface parameters are then adjusted so that the
deviation between the load-transfer and load distribution along piles
between the laboratory test results and numerical analysis results are
within the deviation criteria. Once the deviation criteria are satisfied,
the soil strength and interface parameters can be used to analyse
piled-raft group model with different configurations and dimensions.

Laboratory test is one important key in the proposed method of
analysis shown in Figure 1. How far the piled-raft group
configurations and dimensions in the numerical model can be
extended from the calibrated numerical model need to be
investigated. Further research is still required related to these
matters.

11. CONCLUSIONS AND RECOMMENDATIONS

1. In general, the methods of analysis of piled-raft groups consist
of four categories: (i) Analytical method; (ii) Numerical method;
(iii) Small-scale laboratory model test; (iv) Full-scale field
model test or actual instrumentation on actual piled-raft group.

2. A method of analysis of piled-raft group can be consisted of one
category or combination from two or more categories.

3. Considering both the performance of analysis and the cost of
analysis, numerical method calibrated with small-scale
laboratory tests is a promising method to analyse bearing
capacity and settlement behaviour of piled-raft group.

4. A flow diagram for the analysis using numerical method
calibrated with small-scale laboratory test is proposed from this
study. The analysis start with obtain the piled raft group
parameters (dimension, mechanical properties, and pile load
transfer curve) and soil mechanical parameters (shear strength
and stress-strain relationship), followed by create a numerical
model. The pile interface mechanical parameters are then
adjusted to fit with the results of small-scale laboratory test.

5. Further research is still required to obtain more laboratory small-
scale data as well as to investigate how far the piled-raft group
dimensions in the numerical model can be extended from the
calibrated numerical model.
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