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ABSTRACT
In order to understand the load sharing and settlement reduction behaviour of circular piled raft resting on sand, 1g model tests were
conducted on small-scale perspex models. The parameter studied were length, diameter and number of piles. The load settlement
behaviour obtained from the tests has been validated using simplified linear and non-linear finite element models. Equivalent pier
concept of Poulos and Davis (1980) was adopted to understand the load sharing response of piled raft and settlement reduction. The
analytical and 1g model test results are found to be in reasonable agreement. The equivalent pier concept has proved to be a very
useful method in representing the behaviour of piled raft.
RÉSUMÉ
Afin de comprendre le chargement partageant et le comportement de réduction de règlement de prospectus radeau entassé se reposant
sur le sable, 1g tests modèles ont été dirigés sur les modèles de perspex à petite échelle. Le paramètre étudié était la longueur, le
diamètre et le nombre de tas. Le comportement de règlement de chargement obtenu des tests a été validé l'utilisation modèles
d'élément simplifiée linéaire et non linéaire finie. Le concept équivalent de quai de Poulos et Davis (1980) a été adopté pour
comprendre que le chargement partageant la réponse de radeau entassé et la réduction de règlement. Les analytiques et résultats de
test de modèle de 1g sont trouvés pour être dans l'accord raisonnable. Le concept équivalent de quai est révélé une méthode très utile
dans représenter le comportement de radeau entassé.
1 INTRODUCTION
Traditionally tanks are founded either on raft or piles,
depending on the magnitude of settlement. When the settlement
exceeds the permissible value, piles provided are designed to
take the full load ignoring the contribution of raft resting on
reasonably good supporting strata. This conventional approach
provides a safe but uneconomical design. Instead of suppressing
the entire settlement, the settlement can be restricted to the
permissible level by providing pile elements to the raft which is
known as piled raft. By this foundation considerable economy
can be achieved on foundation design. Even though Burland et
al. (1977) proposed the concept of settlement reducing piles,
limited understanding of the behaviour and the absence of
simplified design has restrained the designers from using this
system by default.
Attempts were made to provide such an approach by various
researchers through analytical models. They are boundary
element approach by Butterfield and Banerjee (1971) and
Kuwabara (1989), plate on spring approach by Poulos (1994),
and Clancy and Randolph (1993), and three dimensional finite
element method by Katzenbach et al. (1998) involve
complicated interaction analysis. Clancy (1993) developed an
analysis for piled raft, which was named ‘HyPR’, based on the
hybrid approach proposed by Chow (1986). This hybrid
approach was used by Horikoshi and Randolph (1998) for the
analysis of piled raft in which piles are installed in the central
area of relatively flexible raft. Laboratory tests on model piled
raft were also reported in the literature (Weisner and Brown
(1980) and centrifuge model test by Horikoshi and Randolph
(1998)). The work on model tests indicated that the piles in the
piled raft has served effectively as a settlement reducer and also
reduced differential settlement in the raft. Centrifuge model
study of Horikoshi and Randolph (1996) indicated that the small
centered pile groups are very effective in reducing the
settlement of flexible raft under uniformly distributed load.
Turek and Katzenbach (2003) and Balakumar and Ilamparuthi

(2004) have conducted tests on piled raft embedded in sandy
soil to understand the settlement reduction as well as
proportionate sharing of load between the piles and the raft. The
literature reviewed here indicated that research work on piled
raft in sand are very limited and most of the analytical works are
for linear elastic condition of soil. However piled raft design
involves the evaluation of geotechnical parameters from the
field test, which still remain to be most uncertain one. So the
approach has to be simpler and must be well validated by a
suitable method. The equivalent pier concept of Poulos and
Davis (1980) is one such method where in the piles are replaced
by a suitable single pier. Horikoshi and Randolph (1998) have
further elaborated this and stated in the case of flexible piled
raft the load shared by the centrally concentrated piles (16% to
25% of raft area) is 40% to 70% of the applied load. But the
concept of equivalent pier approach has not been adequately
validated particularly in sand. With this background 1g model
tests were conducted in this study and the results were analysed
using the concept of equivalent pier. Further two-dimensional
finite element analysis was also carried out to validate the
experimental results for non-linear behaviour of sand.
2 MODEL TESTS
Tests were performed on models of plain raft and piled raft
founded in medium sand. Few tests were also conducted on
piled raft without the contact of raft on the sand bed that is
termed as free standing pile group. All the tests were conducted
in a steel tank of 1000mm X 600mm X 600mm using clean
uniformly graded sand, which is free from fines. The average
density of sand bed at which experiments conducted is
15.5kN/m3 �’ =370. Perspex sheets of 6mm, 8mm and 10mm
thickness have been chosen for the raft models and solid rods of
diameter (d) 6mm, 8mm and 10mm have been used as piles.
The lengths (L) of piles tested are 100mm, 120mm, 160mm and
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In order to provide better understanding on load sharing
between the piles and raft of piled raft system in sand, the
concept of equivalent pier proposed by Polous (1980) and
further improvement over the same by Horikoshi and Randolph
(1998) was adopted in this study. The equivalent pier modulus,
Eeq and pier slenderness ratio, L/D are used to study settlement
reduction ratio, Sr and load sharing factor, αpr. The settlement
reduction ratio, Sr= (�r –�pr)/ �r (δr and δpr are the settlements of
raft and piled raft respectively for the given load) and αpr is the
ratio between the total load taken by the pile group to the total
load on the piled raft corresponding to a particular settlement.
The equivalent pier modulus, Eeq is defined as

Eeq = Es + [ E p − Es ]

Atp
Ag

(1)

where Ep is the Young’s modulus of pile, Es is the Young’s
modulus of the soil layer, Atp is the total cross sectional area of
the piles in the group and Ag is the gross cross-sectional area of
the pile group.
3.1

Load-settlement behaviour

Fig 1 shows the load-settlement behaviour of free standing pile
group in which the raft does not rest on the bed and the pile
group with the raft in contact with the bed. Fig 2 gives the loadsettlement behaviour of plain raft, piled raft and the pile group.
Fig 1 establishes the fact that the pile group of the piled raft,
wherein the raft is in contact with the soil takes much higher
load than the free standing pile group. In the case of free
standing pile group, it appears that full capacity (frictional
resistance) of piles is fully mobilized for a settlement around
2mm beyond which piles penetrated rapidly. This indicates that
the settlement around 2mm is the limiting settlement required in
the tests to mobilize full capacity of piles. This two-phase
behaviour is identical to that of typical elasto-plastic behaviour.
The pile groups with raft in contact with sand continue to offer
higher resistance even for the settlements beyond 2mm
settlement. The load-settlement response of the pile group also
showed two-phase behaviour, which is identical to that of
elastic-work hardening behaviour. The additional resistance
offered by the piles of the piled raft is due to the increase in
normal stress (confining stress) on the surface of piles because
of increase in stress in sand by the process of transfer of more
loads by the raft to the sand. This confirms the pile group-soil
interaction generates a situation of single pier piercing through
the medium at higher settlement. The study of Fig 2 indicated
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3 RESULTS AND DISCUSSION

that in the initial stages more load is transferred to the piles than
the raft. As the settlement increases beyond 2.5mm to 3mm the
friction on piles is fully mobilized and the raft takes more load,
leading to the conclusion that the pile group essentially acts as a
settlement reducer. However the load taken by the pile group
continues to increase but the increase is marginal. The load
sharing of the pile group as a pier still remains at a reasonable
level. At a settlement of 20mm, which is 10% of the least lateral
dimension of the raft, the pile group takes 28% of the total load.
Fig 3 presents the variation of �pr with settlement. It can be
seen that the value of αpr in the initial stages is much higher and
then falls rapidly with settlement and tend to become more or
less constant as the settlement increases. This indicates that the
proportion of load taken by the piles remain almost constant at
higher settlement. This observation is in line with Horikoshi and
Randolph (1996) and Turek and Katzenbach (2003). The rapid
fall in the value of �pr beyond a settlement of 2mm or more
indicates that the piles are not effective in offering additional
resistance against increase in load on the piled raft. This
behaviour is attributed to transfer of pile capacity from peak to
residual state. In the residual state the piles tend to offer
marginal additional resistance and functions more of settlement
reducer.
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Figure 1 Load-settlement behaviour of pile group (N=21, L=200mm
d=10mm, �’=370)
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200mm with a spacing of 4d. The diameter of model raft(Dr) is
200mm, which represents the prototype tank of diameter 20m.
One of the important parameter, which has strong restrictions
on the settlement behaviour of model foundation, is the density
of packing of sand grains. In this study tests were conducted
under medium dense conditions. It was achieved by the
combination of sand raining and compaction. Pre-weighed sand
was rained in layers and controlled compaction was adopted.
The piles were installed in the sand bed prepared by adopting
the procedure as explained above. The installation of pile was
so planned that represents a real time pile installation. Piles
were connected to the raft with suitable arrangement to ensure
monolithic action. The foundation was vertically loaded using a
hydraulic jack fitted to a loading frame and the load applied was
monitored using a proving ring of 20kN capacity. Settlement of
piled raft was measured using two dial gauges having travel of
50mm and least count of 0.01mm.
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Figure 2 Load-settlement behaviour (N=21, L=200mm, d=10mm,
Dr=200mm, t=8mm and �’=370)
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Figure 3 �pr Vs settlement
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Analytical validation

To validate experimental results of piled raft an axisymmetric
finite element model was used by adopting the concept
proposed by Prakoso and Kulhawy (2000) for the plain strain
modeling of piled raft. In this analysis piles are simply
represented by equivalent rings. The analysis was carried out
through ANSYS-FEM code. The soil, pile and raft are all
modeled using PLANE 42 element with two degrees of freedom
for soil and four degrees of freedom for pile and the raft. Both
linear and non-linear analysis was carried out. The results of
linear analysis are compared with experiment in Fig 4. The
curves are in close agreement up to the settlement
corresponding to limiting friction value. Beyond this the linear
analysis grossly underestimates the settlement. Axisymmetric
non-linear analysis was also carried by idealizing sand as an
elasto-plastic soil model with the Drucker-Prager yield criterion.
The strength properties used in this analysis were �’= 37°,
�=12° and C=10kN/m2. The load-settlement response obtained
from this analysis was compared with the laboratory results in
Fig 5. Initial part of experimental load-settlement curve
compares well with the FEM analysis. But for higher loads the
settlement estimated through FEM analysis are 30% lesser than
the experimental values.
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second phase the rate of increase in settlement reduction is
lesser than that of the first phase. This indicates that the rate of
increase of settlement reduction beyond particular length of pile
is gradual though the reduction in settlement is higher for longer
piles. The change in slope of Sr Vs L/D was noticed for L/D
ratio of 2.5, which corresponds to the pile length of 0.6 times
the diameter of the piled raft.
Fig 7 demonstrates the load sharing between pile and raft with
pier slenderness ratio. The load sharing factor αpr also increases as
L/D ratio increases. At lesser settlement the rate of increase of �pr
is high in the first phase. Thereafter the rate of increase falls
down. This transition was observed at a pile length corresponds to
0.6 times the diameter of the raft. However at higher level of
settlement the rate of increase is gradual initially and increased for
length more than 0.6 times the diameter of the raft. However both
Sr and αpr clearly demonstrates that there is a critical length at
which Sr and αpr changes their trend. From this observation it is
inferred that the pile length of 0.6 times the diameter of the raft is
essentially required to have beneficial effect on the reduction on
the settlement for the piled rafts embedded in medium sand
condition.
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Figure 6 Pier slenderness ratio Vs Sr for d =10mm
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Figure 4 Comparison of load-settlement behaviour (linear)
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Figure 5 Comparison of load-settlement behaviour (non-linear)

4 PARAMETRIC STUDY ON Sr AND αpr
4.1

αpr 0.3

Effect of pile length

Effect of length of pile on settlement reduction ratio and load
sharing factor has been studied through pier slenderness ratio,
L/D. The settlement reduction ratio for the pile diameter of
10mm and 21 numbers of piles tested in medium dense sand is
presented in Fig 6 for various pier slenderness ratios. The
results presented here are for the raft settlements of 2mm and
20mm. The settlement reduction ratio increases with increase in
L/D ratio and is independent of values of the settlement. The Sr
Vs L/D curve shows bilinear relationship with an increase in
settlement reduction ratio in the first phase of the curve. In the
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Figure 7 Pier slenderness ratio Vs αpr for d = 10mm

4.2

Effect of pile diameter

The effect of diameter has been illustrated in Fig 8 on
settlement reduction ratio for piles of 6, 8 and 10mm diameters
in terms of equivalent pier modulus, Eeq. The results are
presented here are for settlement of 2mm (minimum settlement
required for full mobilization of frictional resistance where the
behaviour of soil is still in elastic state) and 20mm where the
soil tends to deform plastically. The Sr ratio increases with
increase in pile diameter irrespective of the magnitude of the
settlement. However the rate of increase of Sr is higher in the
case of elastic soil (settlement less than 2mm).
The αpr value increases with increase in Eeq with decreasing
rate (Fig. 9). The rate of decrease in αpr variation in pile is
higher for settlement of 2mm than for a settlement of 20mm.
From the discussions presented above, in elastic soil the
reduction in settlement is higher for the higher diameter of the
pile whereas the load-sharing factor is not appreciably increased
with increase in diameter.
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sharing and control on settlement are more influenced by the
length of the pile. Pile lengths of 0.6 times the diameter of raft
appears to be effective in reducing the settlement of piled raft in
homogenous medium sand. The non-linear FEM analysis
through Drucker - Prager strength criterion for sand compares
reasonably with experimental load settlement response.
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Figure 8 Eeq Vs Sr for different pile diameters

0.40
0.20

1.0

2mm

0.8

0.00
2.00

20mm

αpr 0.6

5.00

ACKNOWLEDGEMENT

0.0
0.5

1.0

1.5

2.0
Eeq

2.5

3.0

Figure 9 Eeq Vs αpr for different pile diameters

Effect of number of piles

In the given piled raft diameter of 200mm, piles are arranged in
four different configurations by changing radial angle between
the piles to study the effect of number of piles (N) on settlement
reduction as well as load sharing factor. Experiments are
conducted for four different radial angles viz., 20° (N=37), 30°
(N=25), 36° (N=21) and 45° (N=17). The equivalent pier
modulus was used here to demonstrate the effect of number of
piles on settlement reduction ratio as well as load sharing factor,
which are as shown in Figs 10 and 11. Here as the number of
piles increases the settlement reduction ratio also increases but
the relative change in Sr is marginal for number of piles more
than 25. Similar trend was seen in the case of load sharing
factor. This indicates that if number of piles is more than certain
value the increase in efficiency of piled raft in reducing
settlement as well as sharing the load by the pile is marginal.
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5 CONCLUSION
Through 1g model tests on piled raft in medium dense sand the
influence of pile parameters such as length, diameter and
number of piles on load sharing and settlement reduction are
brought out through equivalent pier concept of Poulos and
Davis (1980). Among the parameters investigated, the load
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