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ABSTRACT

The performances of a piled raft system in terms of serviceability and load-carrying capacity have
been reviewed. The settlement behaviour of a square-piled raft in a layered soil is investigated
using numerical analysis. The emphasis is given on quantifying the reduction of the average and
the differential settlements of the raft in layered soil. A 3D finite element analysis using
a commercial software called PLAXIS 3D (Version 2) is performed for various pile positions, pile
numbers and pile lengths under the raft subjected to a uniform vertical loading. The settlement
aspects for an efficient design of a piled raft subjected to vertical loadings have been addressed. It
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is found that the required piled group-raft area ratio (By4/B,) for minimising the differential settle-
ment of a raft in a layered soil should be within a range of 0.4 to 0.6.

1. Introduction

A pile foundation is being used in the civil engineering
practice for many years to transmit the superstructure
loads to a competent soil layer at a depth. The struc-
tures, like, high rise buildings, bridges, chimneys,
nuclear power reactors and offshore jetties/rigs are
generally subjected to heavy lateral loads due to wind
forces, water forces, earthquake forces, etc. The shallow
foundations are not good in carrying high lateral loads
and under those circumstances a pile foundation is
recommended. The pile foundations are also utilised
when the soil immediately beneath a structure is weak
and the superstructure loads need to be transmitted to
a competent soil located at a depth. The most notable
work on this topic is by Matlock (1970), Matlock and
Reese (1960), Meyer and Reese (1979), Reese (1977),
Reese and Junius (1977), Poulos (1971), and Broms
(1964a, 1964b). The use of a piled raft foundation has
become more popular in the recent years, as the com-
bined action of the raft and the piles can increase the
bearing capacity, reduce settlement, and the piles can
be arranged to reduce the differential movement of the
raft. A piled raft foundation is a geotechnical compo-
site construction consisting of three elements - piles,
raft and the subsoil. When a raft foundation alone does
not satisfy the design requirements, as in the case of
heavy structures, like, a nuclear reactor located in
a marshy coastal area, it may be possible to enhance
the performance of the raft by the addition of piles

underneath it. The use of a limited number of piles
may improve the ultimate load capacity, the settlement
and the differential settlement of a raft and reduce the
required thickness of a raft (Poulos 2001). Balakumar
et al. (2013) have outlined a simple analytical proce-
dure and effectiveness of pressuremeter tests in pre-
dicting piled raft behaviour which can be utilised in the
detailed design of such system. Katzenbach et al.
(2005) have given an overview of the theoretical and
the practical development of piled raft foundation and
its use in the reduction of settlement in the high rise
buildings. Butterfield and Banerjee (1971) have ana-
lysed pile-soil-cap interaction using Mindlin’s equa-
tion and found the load sharing between the piles and
the cap. According to them, the load sharing by a pile
cap ranges from 20% to 60% depending upon the pile
spacing. Poulos (1994) has presented an approximate
numerical analysis of the pile-raft interaction. The raft
is modelled as a thin plate and the piles as interacting
springs. The settlements thus predicted are in agree-
ment with the centrifuge tests and the full-scale tests
on a piled raft. Nguyen et al. (2013) have performed
a centrifuge test and Plaxis 3D analysis of a piled raft in
sand and proposed a design method for a vertically
loaded piled raft considering the interaction effects.
Bourgeois et al. (2012) have also performed settlement
analysis of a vertically loaded piled raft by means of
a multiphase model accounting for soil-pile interac-
tion. The literature survey shows that enormous
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attention has been focussed on the development of
analytical models for a piled raft (Clancy and
Randolph (1993), Franke et al. (1994), Ta and Small
(1996)). This development subsequently has resulted in
numerous parametric studies that have investigated
the influences of geometry and soil conditions on the
performances of a piled raft. Laboratory and field tests
on piled rafts and pile groups have been also conducted
and have provided useful insights into the behaviours
of piled rafts and pile groups (Horikoshi and Randolph
(1998)). The case histories, in which extensive field
measurements are made, have been also reported in
the literature (Franke et al. (1994)). Ibrahim (2013) has
used Plaxis 3D to evaluate the effect of piles in reducing
the settlement and the contribution of a raft in increas-
ing load-carrying capacity. Franke (1991) has demon-
strated with the help of instrumentation of four
buildings that a piled raft reduces the settlement by
about 50% as compared to a raft alone. Lee et al. (2010)
developed a three-dimensional model of a piled raft
and suggested that the limited number of piles placed
strategically under a raft may result in the improve-
ment of both, the bearing capacity, and the settlement
of a piled raft. Cho et al. (2012) have also studied
settlement behaviours of a piled raft and their objective
has been also to reduce the differential settlement and
to find out the optimum pile group-raft area ratio (B,
/B;) for clayey soil. EI-Garhy et al. (2013) have con-
ducted experiments on model piled rafts in sandy soil
to investigate the behaviour of a raft on settlement
reducing piles. They have performed tests on model
single pile, un-piled rafts and rafts on 1, 4, 9, or 16
piles. The results of the tests show the effectiveness of
using piles as settlement reduction measure along with
the rafts. As the number of settlement reducing piles
increases, the load improvement ratio increases and
the differential settlement reduces significantly.
Elwakil and Azzam (2016) have performed small-
scale model tests on piled raft in cohesionless soil.
The effects of the pile length and the alignment on
the attained ultimate load are experimentally investi-
gated. From the study, it has been concluded that as the
length of piles and the number of piles decrease, the
load carried by raft increases. Park et al. (2016) have
studied the load-carrying behaviour of driven piled
rafts embedded in sand using the 3-D finite element
analysis. Their work highlights that the load sharing
ratios for driven piles are higher than those for bored
piles within a certain range of settlement. With further
increase in settlement, however, the values of load
sharing ratio for driven piles became similar to those
for bored piles with limited variation. Rabiei and
Choobbasti (2016) have presented the design of

combined pile raft by placing the piles beneath the
footing in an economic way. This study focuses on
investigating the settlement behaviours of a heavy
structure (thermal power plant) on piled raft in layered
soil under vertical loading using 3D finite element
analysis and the concept of embedded piles. Only
a handful of studies has been conducted on piled raft
resting on layered soil with an aim of finding out the
optimum pile group-raft area ratio (Bg/B,) for mini-
mising the differential settlement of a raft. Hence, an
attempt has been made in this paper to fill this grey
area.

2. Measured and computed load responses of
a vertically loaded piled raft

A 3D numerical model of a piled raft and the surround-
ing soils have been developed in the PLAXIS 3D
(Brinkgreve and Swolfs (2007)) for the present study.
The validation of the 3D finite element model is exam-
ined by comparing the results with those from the
experiments conducted on dry cohesionless soil
reported by Elwakil and Azzam (2016). Twenty three
numbers of tests have been conducted to study the
behaviours of a piled raft under vertical loading. Out
of these, two tests are chosen for validation. The first test
is performed on a 16 number of piles located under
a 150 mm x 150 mm raft with 15 mm in thickness.
Each pile is 400 mm in length and 12 mm in diameter.
The second test is performed on a same-size raft without
any pile. The piled raft is located at the middle of a soil
domain of 750 mm diameter on plan and 600 mm in
depth. The bottom boundary is considered fixed, that is,
the horizontal and vertical movements are restrained.
The side boundaries are assumed to be on roller, that is,
movements in the horizontal directions are restrained.
The subsoil comprises dry sand whose behaviour is
represented by elastic-perfectly plastic Mohr-Coulomb
model. The quadratic 15-noded wedge elements are
utilised to model the subsoil. The properties of the
subsoil as reported by Elwakil and Azzam (2016) and
used in the present analysis are tabulated in Table 1. It is
to be noted that although the dilation angle has been
reported to be 5° by Elwakil and Azzam (2016) in their

Table 1. Soil properties used in the model validation.

Soil Parameter Value
Poisson’s ratio 0.3
Young's Modulus (MPa) 5.0
Angle of internal friction (¢") 35°

Dilation angle () 0°

Cohesion (c') (kPa) 1.0
Saturated unit weight, ysa: (kN/m3) 19.5
Dry unit weight, ygry (kN/m?) 18.0




paper, in the present numerical analysis, it has been
assumed to be zero, and a small amount of cohesion
has been added to improve the numerical stability. The
common practice is to take dilation angle equal to ¢,
where ‘@’ is the angle of internal friction of the soil
(Plaxis 3D Version 2). In this paper, the dilation angle
is assumed to be zero, as there is no horizontal (shear
force) loading on the piled raft which will induce shear-
induced volumetric settlement.

The piles are assumed to be made of steel with a circular
cross-section of 12 mm in diameter. The piles are modelled
by embedded pile element. The pile installation process is
rather complicated and not modelled here. The stress
change in the soil during the pile installation is therefore
not included (wished in place) to model the bored piles. The
piles are assumed to be in a stress-free state at the start of the
analysis (following Jeong et al. (2004)). The raft is also made
of steel and numerically modelled by plate elements. The
raft is modelled as an isotropic elastic material with material
parameters given by modulus of elasticity, E = 21x10” kPa
and Poisson’s ratio, y = 0.25. The pile heads are assumed to
be connected to the raft rigidly. Figure 1(a—c) shows the
model, which consist of the raft and the piled raft along with
the location of piles underneath the raft, with proper
boundary conditions. The load on top of the raft has been
applied as a uniformly distributed load till the desired load
limit of the experiment (= 62.2 kPa, which is equal to 1.40
kN for piled raft and 53.3 kPa, which is equal to 1.20 kN for
the raft) is reached.

The embedded pile elements consider the piles as
slender beam elements, which are connected to the
surrounding soil by embedded skin interfaces and
embedded foot interfaces which can penetrate the soil
volume elements at any arbitrary location and orienta-
tion. Although the diameter d, the unit weight, y and the
modulus, E are assigned to the embedded beam ele-
ment, it remains a line element in the finite element
model. The diameter, d, in the material data set deter-
mines an elastic zone in the soil around the beam (pile)
in order to avoid failure in a soil element which should
physically be a pile element (Engin (2006)). During the
post-mesh-generation stage, new nodes are generated
representing the pile nodes at the intersection points
between the pile and the soil elements (Sadek and
Shahrour (2004)). The pile-soil interaction is repre-
sented by the skin friction (in kN/m) and the interaction
at the base of the pile, known as foot resistance (in kN).
For describing the behaviour of the interface, an elastic
perfectly plastic failure criterion is used to distinguish
between the interface at the skin friction and at the foot
of the pile. The skin friction at the pile-soil interface is
represented in axial and both horizontal directions by
the relationships given in Equations (1)-(3):
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Tuy = Koy (851 = 63" M)
Tox = Kux (A = A1) 2)
Lo = Ko (A = A52) (3)

where T,y, T,,x and T, are the skin frictions along the axial
and the two horizontal (x and z) directions, respectively.
Kay Koy and K, are the stiffnesses in the axial and the two
horizontal directions. Aaypﬂe, A, P™ and AP are the axial
and the lateral deformations of a pile element. Aay“’ﬂ, AN
and A, are the axial and the lateral deformations of the
soil domain. For the definition of the skin resistance, three
different definitions are illustrated. The first and the sim-
plest one is a linear distribution, where a constant or a linear
distribution for the ultimate skin resistance is defined.
The second option is the so-called multi-linear distribution,
where it is possible to define different values for the skin
friction at depths. This is, for example, necessary when
layered soils are encountered and therefore different skin
resistances are present along a pile. It is important to note
that this definition implies that the bearing capacity of a pile
is assumed beforehand and not a result of the analysis, as the
maximum skin friction is predefined. The third way to
define a skin resistance is the layer dependent option,
where the interface behaviour is related to the strength
parameters of the adjacent soil and the normal stresses
along the interface. When using the layer dependent option,
the embedded interface elements behave similar to normal
interface elements as used for volume piles (Equation 4) and
therefore the input for the layer dependent option is an
Rinter value for the strength reduction. In addition, a limiting
value for the skin resistance is defined.

T = Rinter€,, + Rinter0),tan ((/’:1) (4)

where T is the shear strength of the soil. ¢, and ¢, are the
effective cohesion and the effective angle of internal friction
of the soil. 0,, is the effective normal stress acting on the soil.

In this study, we have chosen the simplest option,
which is the first one. A constant distribution of skin
friction has been assumed whose value is found to be
0.07 kN/m. In addition to the skin resistance, the tip
resistance is governed by a non-linear spring at the pile
tip. It may be formulated as below:

Fip = Kup (8 — 8527 (%)
where Fy;, is the tip resistance of the pile element, which
depends upon the relative deformation of the soil and
the pile. Ky, is the stiffness near the tip of the pile.

A maximum base resistance (Fy,.x) is assigned to the
non-linear spring elements at the base of an embedded pile
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Figure 1. (a). A typical 3D finite element mesh of a raft and (b) a piled raft with soil domain (c) location of piles underneath the raft.

It may be seen that the maximum deformation is 1.64 mm

0.3 kN, in this study). The value is chosen in such a way
that the base resistance does not affect the numerical results.
A drained analysis has been performed to study the long-
term behaviour of the raft alone and the piled raft subjected
to a uniform vertical loading corresponding to the applied

(=

in the case of the piled raft and 4.03 mm in the case of the

raft alone. Two piles at the two locations (at the corner and
the centre) on the raft have been chosen to observe the

values of skin friction mobilised in the piles. It is observed

loads during the tests reported by Elwakil and Azzam  that the skin friction of all the piles has been completely

mobilised, although the skin friction of two piles only is

(2016). Figure 2(a,b) shows the comparison of the deformed

shown in Figure 3(a,b). The piles are driven piles in the

mesh of the raft and the piled raft at the end of the loading.



experiments done by Elwakil and Azzam (2016), hence the
maximum resistance comes through the skin friction (as it
is completely mobilised) which is also observed in this
numerical study. In addition, the vertical stress contours
of the piled raft are shown in Figure 4 by taking a vertical
section from the middle of the piled raft along the y-axis.

Finally, the numerically obtained vertical load-
displacements of the raft and the piled raft are compared
with the experimental measurements reported by Elwakil
and Azzam (2016) and shown in Figure 5. The vertical dis-
placement is measured at the two ends of the raft, as seen from
the experimental setup performed by Elwakil and Azzam
(2016). Hence, in the numerical study, the average load-
displacement responses at the two ends have been taken. It is
observed that the experimental and the numerical results are
varying within a tolerable limit, although the raft is giving a less
stiffer response throughout the numerical analysis.

3. Numerical study of a large-piled raft in
multilayered soil

After the successful validation of the numerical model, the
behaviour of a piled raft (PR) with different pile lengths, pile
spacing and configurations is investigated. The piles are
made of solid (M 35 concrete) circular cross-section with
0.8 m in diameter (d) and, 15 m and 25 m (floating) in
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length (L), modelled by embedded pile elements. The 18 m
by 18 m raft with a thickness of 1.5 m is assumed to be also
made of M 35 grade concrete and numerically modelled by
a plate element. The raft is modelled as an isotropic, elastic
material with material parameters given by E = 29,580 MPa,
Yrat = 24kN/m’. The pile heads are assumed to be con-
nected to the raft rigidly. The quadratic 15-noded wedge
elements are utilised to model the subsoil. The piled raft and
the raft are resting on a multilayered soil (material proper-
ties are based on borehole logs) of a site in Punjab, India,
where strategic buildings (on raft or piled raft) are to be
constructed. Hence, the subsoil profile at Punjab is chosen
for the settlement analysis. The material behaviour of the
soil layers is modelled by Mohr-Coulomb model (drained
strength). The soil parameters are given in Table 2. The raft
and the piled raft are subjected to a vertical pressure of 500
kPa, which represents the equivalent vertical loading of
a heavy industrial structure (thermal power plant). Figure
6(a,b) shows a typical 3D FE mesh along with the raft and
the piles, used in this analysis. The horizontal extent and the

vertical extent of the foundation soil domain are 80 m and

50 m, respectively. These dimensions are considered to be

sufficient to keep the influence zone of the piled raft within

the soil domain. In order to justify the soil dimensions to be

free from the boundary effects, the vertical deformation and
the stress contours are plotted in Figure 7(a,b) by taking
a vertical section along the y-axis in a piled raft at the end of
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Deformed Mesh (scaled up 5.00 times)
Maximum Value = 1.64*10% m
Minimum Value = 0.00 m

(b)

Figure 2. (a). Deformed mesh of raft and (b) piled raft with soil domain.
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Skin Friction Tg,, (scaled up 500.00*10 times) Skin Friction Tgy (scaled up 500.00°10™ times)
Maximum Value = 70.00*10% kN/m (Element 352 at Node 59418) Maximum Value = 70.00*10" kN/m (Element 217 at Node 59143)
Minimum Value = -125.16°10°'% kN/m (Element 352 et Node 59417) Minimum Value = -309.86*10"® kN/m (Element 217 at Node 59142)

@ (b)

Figure 3. Skin friction mobilisation for the (a) corner pile and (b) centre pile.
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Figure 4. Vertical stress contours at a section taken along the y-axis.
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Figure 5. Experiment and numerical simulation of load—deflec-
tion curve for a raft and a piled raft.

Table 2. Soil properties used in the analysis.

Layer Layer Layer Layer Layer
Soil Parameter 1 2 3 4 5
Poisson’s ratio 0.3 0.35 0.35 0.45 0.45
Young's Modulus (MPa) 2496 3501 2997 80.01 90
Angle of friction (¢") 30 35 5 0 0

(Degree)

Cohesion (c') (kPa) 3 5 25 55 70
Unit Weight (kN/m?) 20 20 17 21 21
Layer thickness (m) 6 6 13 10 35

the static loading (for the case of 15 m pile length with 5 m
c/c spacing). From the vertical displacement contours, it
may be seen that the pressure bulb has completely formed
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without any artificial boundary effects. Also, the soil defor-
mation reduces gradually in the horizontal direction away
from the piled raft. From the stress contours, it may be
observed that the vertical stresses are free field (or in-situ) in
nature away from the piled raft in both vertical and lateral
directions. These indicate that the chosen soil dimension is
sufficiently large to be free from any boundary effect. The
side vertical boundaries of the soil domain are assumed to
be on rollers, that is, the vertical movements are only
allowed at these boundaries. The bottom of the soil is
assumed to be fixed, that is, both the horizontal and the
vertical movements are restricted. In this case, as the piled
raft is resting on a multilayered soil, the skin friction has
been taken to be layer dependant with the value of Ryyer
= 0.67 for all the layers. The plasticity properties of the skin
friction are derived from the adjacent soil properties. The
maximum skin resistance and the base resistance of the
embedded pile are 40kN/m and 70kN for all the cases.
The stress change in the soil during a pile installation is
not included (wished in place) in modelling the bored piles.
The piles are assumed to be in a stress-free state at the start
of the numerical analysis as assumed by Jeong et al. (2004).

3.1. Numerical study

A series of numerical analyses on the piled raft (PR) is
performed with different pile lengths, pile spacing and
configurations with varying pile group to raft area ratio
(Bg/B.), as shown in Figures 8 and 9, where B, is the
peripheral area of the pile group and B, is the total area
of the raft.
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Figure 6. (a) A typical 3D finite element mesh and (b) raft and piles in the mesh (scale factor: 1:40).
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Total Displacements u
3 Cartesian Total Stress o,
Maximum Value = 5.62%10 % m A

Vinimum Value = -227.60%10 2 m Maximum Value = 21.09 kNjm 2
Minimum Value = -1.03%10 > kNjm 2

(a) (b)

Figure 7. (a) Displacement contours and (b) vertical stresses at a section taken along the y-axis in the piled raft.
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Figure 8. Piled raft with pile spacing of (a) 2.4 m (b) 3.75 m and (c) 5 m c/c.
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Figure 9. Piled raft with pile group to raft area ratio (By/B,) of (a) 0.47 and (b) 0.84.

The centre to centre pile spacing of 2.4 m, 3.75 m and
5.0 m is considered in the analyses. The vertical settlements
at the centre (S, and at the top right-hand corner
(S;orner) Of the raft are obtained from the 3D finite element
analysis and the average settlement, S, of the raft is
computed from the relationship (Reul and Randolph 2004):

<2Scenter + Scorner)
3

Suvg = (6)
where S, is the average settlement of the raft. Scepger is
the settlement at the centre. S.omer is the settlement at
the right-hand corner of the raft.

The differential settlement of the raft is computed as
Scorner> Which represents the settlement of
the centre of the raft with respect to its top right-hand
corner (Cho et al. (2012)). The ultimate bearing capacity

SC*C = Scenter -

0.0
0.5 —

1.0

L3 = S.=10%B

20 +

25 +

Vertical settlement (m)

30 4+

35 4

4.0 PR IR IR T |
“ T I T I T I T
0 200 400 600 800 1000 1200 1400 1600
Load (in kPa)

Figure 10. The load-settlement curve of an un-piled (UR) raft.

of the raft without piles (Qugr.uy) is estimated from the
load-settlement relationship for the raft for a load corre-
sponding to a settlement of 10% of the width (B) of the raft
(Cooke (1986), de Sanctis and Mandolini (2003), de Sanctis
and Mandolini (2006)). Figure 10 shows the pressure (P)-
settlement (S) curve for the raft without any pile. From this
figure, the value of Qug y is found to be 1230 kPa.

3.2. Effect of pile spacing on a piled raft

To study the effect of pile spacing on the behaviour of
a piled raft, the normalised vertical load (P/Qugr.u) and
the corresponding average settlement ratio (S,yg/B) of a raft
alone and a piled raft with 2.4 m, 3.75 m and 5.0 m c/c pile
spacing are shown in Figure 11. The pile length for all the

0.0
0.2
0.4
0.6
0.8
)
= 1.0
/A
A 1.2
1.4
1.6 —&— Pile raft with 2.4m c/c pile spacing
18 —8— Pile raft with 3.75m c/c pile spacing
: =& Pile raft with 5.0m c/c pile spacing
—v— Raft onl
20— L
0.0 0.1 0.2 0.3 0.4 0.5

P/QUR-u]l

Figure 11. Normalised load vs. average settlement of piled rafts
with different pile spacings.
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Table 3. Settlements corresponding to various pile configurations.

Settlement (mm) corresponding to 200
kPa vertical load

Pile Configuration

Raft only (UPR) 90
Pile raft with 3D pile spacing 23
Pile raft with 4D pile spacing 26
Pile raft with 5D pile spacing 33

cases is kept constant at 25 m. The load-settlement curve
shows an increasing trend as the normalised vertical load
increases, but for a particular value of load, the settlement
value decreases as the spacing between the piles decreases.
The settlement of the raft corresponding to a representative
vertical load of 200 kPa (P/Qug.yi = 0.16) for different pile
spacings is shown in Table 3. The deformed mesh and the
vertical deformation contours corresponding to a vertical
load of 500 kPa in a piled raft with 5D pile spacing are
shown in Figures 12 and 13. The differential settlement of
the piled raft (S..) along with the applied loading (P) is
shown in Figure 14 for 3D, 4D and 5D pile spacing under-
neath the raft. In all the cases, the length of the piles is
assumed to be 25 m. For the comparison purpose, the
differential settlement of the un-piled raft is also shown in
the same figure. It may be observed from the above figure
that the differential settlement of the raft gradually reduces
with the decrease in the pile spacing, as expected, and the
overall behaviour of the piled raft improves. The effect of
pile spacing, in terms of inverse of pile spacing, 1/S (m™"),
on the differential displacement, S is shown in Figure 15
for two P/Qur.yr ratios of 0.167 and 0.406. It may be
observed that the differential settlement is less for lesser
load (P/Qugr-ui)- Also, beyond certain pile spacing, the

S s o , :
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differential settlement curve becomes flat for P/Qugr_y of
0.167 which is not observed for P/Qug.u: of 0.406. The
number of piles underneath the raft corresponding to
the pile spacing of 2.4, 3.75 and 5 m c/c is 36, 25
and 16, respectively. Hence, the differential settlement for
P/Qug.ur = 0.167 is 8 mm (for 16 number of piles), 6 mm
(for 25 number of piles) and 4 mm (for 36 number of piles).
For P/Qugr.u = 0.406, the differential settlement is 19 mm
(for 16 number of piles), 14 mm (for 25 number of piles)
and 8 mm (for 36 number of piles). It is observed that as the
number of pile increases, the differential settlement reduces.

The axial forces of the centre, side and corner piles in
a piled raft with a pile spacing of 3.75 m ¢/c (locations shown
in Figure 16) are studied for two different P/Qug_y ratios,
0.167 and 0.406. Figure 17 shows the axial forces in the
centre, side and corner piles with depth for the above two
load ratios. From Figure 17, it is clearly observed that for
a low P/Qug.ui ratio, the corner pile is subjected to an axial
force which is around 1.20 and 1.79 times more than the
piles located at the side and the centre of the raft, respec-
tively. But as the P/Qur_; ratio becomes high, the individual
piles experience higher value of axial loads as compared to
those in the previous case. But the side and the corner piles
experience the same axial load, which is around 1.11 times
more as compared to the pile located at the centre of the raft.

3.3. Effect of pile length in a piled raft

The effect of pile length is shown in Figure 18, in which
the load (P) with the average settlement (S,,,) of a piled
raft is shown for a pile length of 15 m and 25 m with the
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Figure 12. Deformed mesh for a piled raft with spacing of 5D (scale 1:20).
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Figure 13. Vertical deformation contours for piled raft with spacing of 5D (Deformation in mm).
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Figure 14. Differential settlements in un-piled and piled raft for
different pile spacings.
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Figure 15. Differential settlement versus pile spacing.

pile spacing of 2.4 m, 3.75 m and 5 m c/c. For a given
pile spacing, the settlement of a raft is observed to
increase with the decrease in the pile length. To find
out an optimum pile length to improve the performance
of a piled raft, two configurations of piled raft are
considered. In the two pile configurations, combina-
tions of 25 m and 15 m pile lengths are used with their
positions fixed strategically to reduce the raft settlement.

O

O

Center (C)

O O O O
o O O O
O O O

O

Corner (C)

O

side (s)

o O O O

O O

Figure 16. Pile locations at corner, centre and sides in a piled raft.
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Figure 17. Axial forces on pile with different P/Qug.y; ratio for
a pile spacing of 3D.

In the first configuration, the perimeter piles are 15 m
and the inner piles are 25 m in length. The diameter of
each pile is assumed to be 0.8 m. In another configura-
tion, the perimeter piles are 30 m in length and the inner
piles are 25 m in length. The load average settlement
curves are shown in Figure 19 for the above two pile
configurations along with a standard case, where all the
piles have a length of 25 m. It is observed from Figure 19
that there is a significant improvement in the behaviour
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= Pile length=15m, c/c pile spacing 3.75m
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Figure 18. Load-settlement curve for piled rafts with 15 m and
25 m pile length.
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Figure 19. Load-settlement curves for a piled raft with different
pile configurations.

of a piled raft if all the outer piles are 30 m in length. As
expected, the differential settlement of the raft increases
as the pile length is reduced from 25 m to 15 m. For
illustration purpose, the differential settlement (S...) of
a piled raft along with the applied vertical load (P) is
shown in Figure 20 for two pile lengths with 3D pile
spacing.
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Another way of reducing the settlement of a piled raft
is by increasing the area of the pile group (B,) to raft (B,)
ratio. In Figure 21, a typical load average settlement
curve for B,/B, ratios of 0.47, 0.56 and 0.84 is shown
for a pile length of 25 m and a pile diameter of 0.8 m. It
is found that as the area of pile group increases from
0.47 to 0.84, there is a drastic reduction in settlement by
2.56 times. The decrease is more pronounced as B,
approaches B,, hence it is always beneficial to spread
the piles uniformly along the entire area of the raft to
reduce the overall average settlement. A typical differ-
ential settlement between the raft’s centre and the edge
(Sc.c) with the B,/B, ratio is shown in Figure 22. As
observed from the figure, the differential settlement of
the raft decreases, levels off, and then increases as the By
/B, ratio increases. The differential settlement is mini-
mum when the By/B, ratio is between 0.4 and 0.6 for
most piled rafts, as also reported by Randolph (1994),
and Horikoshi and Randolph (1998). This trend holds
good for different soil profiles and loading conditions.

3.4. Conclusions

The settlement aspects for an efficient design of a piled
raft subjected to vertical loadings in a layered soil have
been addressed for different pile spacing, lengths, posi-
tions and configurations. As the pile spacing increases,
the settlement corresponding to a particular load
increases as shown in Table 3. For a given diameter,

0
5 4
: 4
E
g 10
[
154
24
m, 4
(/J& .
20 4= —=— Pile length=15m
—o— Pile length=25m
1 l 1 I L I 1 I 1
25 ) I ' l L) I T ' L]
0 100 200 300 400 500

Load (kPa)

Figure 20. Differential settlement in a piled raft for pile lengths
of 15 and 25 m and for a pile spacing of 3D.
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Figure 21. Load-settlement curves for different By/B; ratios.

with the increase in pile length, the average settlement
decreases which may be observed from Figure 18.
A study has been conducted for different pile group-
raft area ratio (By/B,), from which it is concluded that
for an efficient design of a piled raft in a layered soil with
respect to its serviceability, that is, the differential set-
tlement, the required pile group-raft area ratio (By/B;) in
a layered soil should be within a range of 0.4 to 0.6.
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