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ABSTRACT

This thesis deals with the nonlinear finite element analysis to understand the behaviour
of raft foundation and piled raft foundation under axisymmetric and plane strain
condition  The nonlinear finite element analysis has been carried out for both the
foundations by varying parameters like raft diameter/width, length of pile, load, raft
thickness, soil modulus, and spacing between the piles. The raft, pile and soil have been
discretized into four noded isoparametric finite elements. The soil has been modeled as
Von-Mises elasto-plastic material The nonlinear finite element equations have been
solved by Modified Newton Raphson iterative procedure. Uniformly distributed load
has been considered to act on the foundation. The uniformly distributed load
considered has been applied as concentrated load on the respective nodes on the

foundation in the nonlinear finite element analysis.

The load transfer mechanism in piled raft foundation is different than the conventional
piled foundation. Based on the yielding pattern of soil it has been found that in piled
raft foundation, the load transfer starts first at the tip of pile then it moves upward. In
case of piled raft foundation with rigid raft, the yielding of soil is seen first near the tip
and in between the boundary piles and then it moves towards the centre piles. When the
spacing between the piles is very small, the vielding pattern of soil shows that the piles in
group are having block behaviour When the spacing between the piles is large, the soil

clement in between the piles are also found to yield even at the initial load steps,

In case of an axisymmetric piled raft foundation with large thickness of raft, the boundary
piles carry maximum load followed by the intermediate piles while the centre piles carry
minimum load. Similar results are found in case of piled raft foundation under plane
strain condition. For initial load steps, the raft takes most of the load. With increase in
load steps the load gets transferred to the piles. This is true when the piles are of larger
length with respect to diameter/width of the raft. For piled raft foundation in which pile is

small compared to the raft size, the piles first reaches to its y]

timate capacity and thep the
raft.
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I'he nonlinear finite element method predicts the load settlement curves, which resembles
with the observed field behaviour The load carrying capacity of rafl increases with
increase in thickness of raft, diameter/width of raft, length of pile and soil modulus The
effect of addition of piles even of length equal to the diameter/width of raft has been
tound to increase the load carrving capacity of raft significantly The effect of increase in
spacing has been found to decrease the load carrying capacity of piled raft foundation
'he effect of increase in diameter/width of rafl keeping the pile spacing same has been

tound to increase the overall load carrying capacity significantly.

When the thickness of raft is very small (0.1 10 0.5 metre) dish shape of deflection is seen
for the axisymmetric raft foundation. For the raft foundation under plane strain condition,
maximum deflection is found at the centre and minimum at the edge of the raft.
Difterential settlement is found maximum in this case. With increase in thickness of =
this differential settlement reduces and at high thickness of raft, this differential
settlement is found almost zero. This differential settlement of raft 1s also found to reduce

with Increase in length of pile and found almost zero at larger length of pile.

The axial force in pile has been found maximum in the top of pile and minimum at the
bottom of the pile for all load steps. At higher load steps the axial load distribution curves
have been found to overlap each other showing that the piles have reached to almost its
ultimate load carrying capacity. The effect of increase in soil modulus has been found to
increase the axial load in pile. This is because the frictional resistance offered IS more in
stiff soil than in soft sojl In case of piles in a piled raft foundation under plane strain
condition, in some cases the axial force in the pile has been found to increase first, then
decreasing with depth and then increases near the tip of the pile. This may be due to the
bending of pile.

The effect of increase in spacing has been found to increase the load carrying capacity of

pile showmg that the mobilization of frictional resistance increases with Increase in

SPacing between the piles.



The prediction of load, for permissible settlement, can be achieved using load settlement
curves produced Similarly for the allowable load, the settlement experienced can be
tound This is true for both raft and piled raft foundation under axisymmetric and plane
strain condition From the parameters thickness of raft, diameter/raft size, pile length,
spacing between piles, soil modulus, ioad applied, and settlement, any one unknown

parameter can be obtained if the other six parameters are known.

The application of load settlement curves shows that for permissible settlement, an option
can be selected between raft and piled raft foundation depending upon the load coming
from the superstructure. From the load settlement curves obtained and on the basis of
permissible settlement, load has been calculated and converted into uniformly distributed
load, it is found form the computations that a 20 to75 storey multistoreyed building can

be constructed on piled raft for the soil range considered in this thesis.
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CHAPTER 1
INTRODUCTION

1.1 GENERAL

Piled raft foundation (Figure 1 1 (a)) is a recent concept of foundation in which the total
load coming from the structure is taken by pile and raft both. The pile carry load through
skin friction while the raft carries the load through contact with the soil. Such piled raft
foundations on thick clay deposit have been found successful in places like Frankfurt,
London etc There are many instances of piled raft being used to support structures
among these being: The Hyde Park Cavalry Barracks in London, UK and Guy’s Hospital
in London, UK In conventional piled foundation (Figure 1.1(b)) the contribution of raft
is completely ignored which makes the piled foundation an uneconomical foundation.
Also in conventional piled foundation, long piles are a must as the piles are to be
extended upto the deep hard strata. On the other hand if only raft foundation (Figure
I 1(c)) is provided, very thick raft is needed which again increases the cost of the
foundation. Such raft foundation undergoes excessive settlement as well. In such
situation piled raft foundation is best solution in which the piles are not to be extended
upto the deep hard strata, it can be terminated at higher elevation. Also such piled raft
foundation undergoes lesser settlement than that of the raft foundation. Such piled raft

foundation has been reported in literature (Hooper (1973), Frankee (1991) and Yamashita
(1994)).

1.2 LOAD TRANSFER MECHANISM IN PILED RAFT FOUNDATION

The load transfer mechanism in piles in a piled raft foundation and that in conventional

piles are different. In case of conventional pile foundation the frictional resistance
develops from top of pile and moves downward while in piles in a piled raft foundation
the frictional resistance develops from tip of pile and moves upward. The complete

mobilization of end bearing resistance is seen first in case of piles in a piled raft



toundation than in regular piles On the other hand the complete mobilization of frictional
2 |

resistance 1s first seen in regular piles than in piles in a piled raft foundation

)

I
/\/'\7

)
N T
(a)

(b)
Figure 1.1 Piled Raft, Pile and Raft Foundation

1.3 NONLINEAR FINITE ELEMENT ANALYSIS

From literature, it is found that not much analytical work has been carried out to
understand the behavior of piled raft foundation when loaded till failure. Very few
literature reported piled raft foundation analysis under axisymmetric condition and plane
strain condition. The load-settlement behaviour of piled raft foundation g still not well
understood. The analytical work done is mostly based on linear elastic behaviour of soj|.

Thus, available literature indicate that a detailed nonlinear analysis of piled raft
foundation under axisymmetric as well as plane strain condition considering
elasto-plastic behaviour of soil is required. In the present research, piled raft
foundation under axisymmetric as well as under plane strain condition have been
analysed by nonlinear finite element method, The material nonlineraity of soil hasg

been modeled by Von-Mises Yield Criterion. Modified Newton-Raphson [terative



Procedure has been considered to solve the resulting nonlinear finite element equation
The stffness matrix has been kept constant for each iteration in Modified

Newton-Raphson Iterative Procedure
1.4 LOAD SETTLEMENT CURVES

Based on nonlinear finite element analysis, load-settlement curves are produced which
includes parameters like thickness of raft, diameter/width of raft, pile length, spacing
between piles, and soil modulus. Thus, out of seven parameters; uniformly distributed
load, settlement, thickness of raft, diameter of raft, pile length, spacing between piles, and

soil modulus considered, if six parameters are known, the seventh can be arrived at.

1.5 SCOPE OF THE PRESENT WORK

The present research work has been aimed for detailed parametric study of piled raft
foundation under axisymmetric and plane strain condition by nonlinear finite element
analysis considering material nonlinearity of soil. This will be useful in understanding the
behaviour of piled raft foundation for axial load distribution in pile, yielding of soil
below raft and piled raft foundation, load settlement behaviour and settlement profile of
the raft and piled raft foundation Based on detailed parametric study, load-settlement
curves are produced which will be very much useful for the designers as well as the
researcher. The load-settlement curves can be used for predicting the load as well as
settlement for a piled raft foundation if one of these two parameters is known for a
known dimension of a piled raft foundation and the soil property. The load settlement
curves produced will also be used for economical dimensioning of a piled raft foundation

for known properties of soil and load coming on the piled raft foundation,



CHAPTER 2
LITERATURE REVIEW

2. INTRODUCTION

Work carried out in last two to three decades indicates that piled raft foundation is a
promising economic solution for supporting high rise building on thick clay deposit. A
number of researchers have carried out analytical study assuming elastic behaviour of the
supporting soil Very little work has been carried out on elasto-plastic behaviour. The
behaviour of piled raft has been analysed in past both by model study and by actual
monitoring of foundation in the field with instrumentation. The available literature 1s
grouped into linear elastic analysis, nonlinear analysis, model study and ficld
observations and a brief description of some of the important references is given in the

following sections

2.2 LINEAR ANALYSIS

Severn (1966) reported the finite element methad for solving the mat foundation. The
paper presents the derivation of stiffness matrix for plates, which include the effect of an
elastic foundation. Stiffness matrix for beam on elastic foundation is also presented. The
effect of foundation is assumed to consist two parts (a) the spring type reaction, which is

directly proportional to the displacement, and (b) a spring-coupling action, which

simulates shear resistance in the foundation.

Brown (1969) considered several methods of determination of reaction distributions and
bending moment distribution for uniformly loaded smooth circular rafts of any flexibility
on a deep isotropic elastic foundation. The method of analysis presented makes use of
integral transforms and collocation. The results provided are found adequate as a basis of

design.

Clough (1969) reported that the hexahedron element is distinctly superior to any

tetrahedron assemblages in terms of performance both with regard to the individual



clement properties and also in application to idealised structure systems It is
recommended that the 8 noded brick elements be used in standard programs for the

analysis of general elastic solids

Mattes and Poulos (1969) reported the effect of pile compressibility on the shear stress
distribution along a pile The compressibility of a pile modifies the distribution of shear
stress along a pile as compared with an incompressible pile As a pile becomes more
compressible, the stresses near the top of the pile increase and the proportion of the load
transferred to the base decreases The influence of compressibility on the behaviour of a
-pile is likely to be significant for relatively slender piles but small for relatively short
piles
Butterfield and Banerjee (1971) presented elastic analysis of pile group considering the
Interaction of ground with pile cap The load displacement behaviour of the system and
the load distribution between the piles and the cap is analysed. The work is based on
Mindlin's analysis for a point load embedded within a semi-infinite ideal elastic half
space. It 1s found that the load sharing by pile cap ranges from 20% to 60% depending on
pile spacing. It has also been found that maximum load is taken by corner pile followed

by edge pile and least load is taken by center pile.

Lytton and Meyer (1971) presented a method of analysis which is based on the
mechanics of beams-on-foundation, a simple enough for routine use by the design
engineer, and uses the relevant properties of soil stiffness and soil profile in an elastic
mathematical model of interaction problem. Typical results of this type of analysis are
shown and recommendations are made on a proper choice of soi] properties, soil profiles,
and  beam properties. The procedure adopted in this paper gives a better estimate of

design quantities.

Hongladaromp er al (1973) studied the interaction of g3 rectangular pile cap with

subgrade to determine the sharing of load on piles and the subgrade. Employing the finite

difference technique a parametric study was carried out. They found that the resistance of



the subgrade has considerable etfect on settlement of footing and should be taken into
consideration in the analysis Also it has considerable eftfect on the distribution of the
column load

Hain and Lee (1974) reported that the most effective analytical technique for
analysing the structure-raft-supporting soil system appears to be the substructure
approach when the elements of the system can be treated as manifesting linear elastic
behaviour The results of the linear elastic model are found to be consistent with the
common observed concave settlement profile. Thus it is found that the linear elastic

model should be used in preference to the Winkler's Model.

Balaam er al. (1975) developed a finite element analysis for an axially loaded pile in
which the pile and soil are analysed as separate bodies and equilibrium as well as
displacement compatibility at pile soil interface is then imposed to obtain a solution for
the settlement of the pile. This analysis has been used to investigate the effects of
installation of a pile on its load settlement behaviour. Installation of the pile has been
simulated by introducing a zone of disturbed soil around the pile, having different
strength and deformation properties from the undisturbed soil. The theoretical results
Indicate that the load settlement behaviour of the pile is influenced by the nature and
extent of the disturbed zone, but to a lesser extent than the ultimate load of the pile,

which almost depends entirely on the strength properties of the disturbed zone.

Brown and Wiesner (1975) presented results for load taken by piles, maximum
displacements, differential displacements, and maximum positive and negative bending
moments due to uniformly distributed load applied to a smooth strip footing which is
supported by piles on a deep homogeneous isotropic elastic foundation, The results are
presented for piles whose length to diameter ratio is 50; footings whose width is 5 times
pile diameters on an incompressible foundation. Corrections for other pile length, footing

widths and soil poisson's ratio are discussed.



Otaviani (197%) applied finite element method to study the behaviour of vertically
loaded single pile and pile groups in a homogeneous linearly elastic medium
Three-dimensional and axi-symmetric elements have been used in the analysis.
Scttlements are determined against ratio of pile to soil elastic modulli for single piles and
for the 3 x 3 and S x 3 pile groups The stress distributions in various piles and in the soil
mass are also given No relative displacements are allowed at the interfaces between the
cap, the piles and the soil i e, the various materials are considered as perfectly bonded to
cach other The value of poisson's ratio has been kept constant for the soil as 0.45, so that
the analysis s perfectly applicable to bored piles In undrained soil where the load transfer

takes place mainly by lateral adhesion

Fraser and Wardle (1976) analysed the behaviour of perfectly smooth, uniformly loaded
rectangular raft of any rigidity resting on a homogeneous elastic layer which is underlain
by a rough rigid base. Graphical solutions were presented which enable the determination
of vertical displacement at the centre, edges and corner of the raft, and maximum
bending moment in the raft. The solutions have been obtained by the finite element
method with the interaction between raft and finite soil layer being incorporated tllf011811
the use of surface elements. The author concluded that variations in raft rigidity,
length/breadth ratio, soil layer depth and poisson's ratio can markedly effect both

displacements and bending moments in raft foundations.

Hain and Lee (1978) analysed a piled raft considering the raft as a flexible elastic plate
supported on compressible piles and soil as homogeneous/nonhomogeneous material.
The ultimate load capacity of piles is taken into account by a load cut-off procedure, in
which these piles are deleted from compatibility equation and their loads are held
constant at the ultimate values in equilibrium equations. Thus, any excess load is
redistributed to the adjacent piles. The effects of raft flexibility and rigidity on
settlement, reaction pressure and bending moment have been studied for piled raft
system.

Horvath (1983) developed a new mathematical model for analysing mat foundations

under static loadings based on Reissner’s concept of a simplified elastic continuum



Hornzontal normal and shear stresses are assumed to be zero throughout an elastic
laver of finite thickness Solutions for a constant Young's Modulus with depth as well
as varying linearly and with square root of depth are discussed The Reissner
Simplified Continuum is shown to offer substantially better correlation with exact
theory of elasticity solutions than does the commonly used modulus of subgrade

reaction model

Shukla (1984) presented a simplified method for design of mat foundations on elastic soil
medium The paper recommends methods to determine modulus of subgrade reaction
and methods to calculate moments, shear forces, and deflections at critical points on mat

with the help of charts. An example has also been given to show the use of charts,

Bowles (1986) reported a brief survey of computerized methods for mat design. The
modulus of subgrade reaction is considered in some detail both in obtaining reasonable
initial design estimates and simple methods to couple node effects. A mat example is
reanalysed to illustrate the effect of simple coupling procedure. Several tables are given

both to illustrate the validity of the finite grid method and for use in coupling procedure,

Bowles (1988) presented a method for computing the elastic settlement of a foundation
ona sand deposit using conventional elastic settlement, adjusting the settlement influence
factor. A reduced influence depth is suggested for settlement calculations. The value of
the reduced influence depth is taken, as maximum of five times the width but not more
than the stratum depth. A number of settlement cases are examined using this procedure

and the cases examined show very good results using this suggested procedure.

Tomono er al. (1987) presented a simple model consisting of a rigid circular rafi and a
single pile. The method takes into account the interaction among the raft, pile and soil by
combining the finite element method and the method based on Mindlin's first solution of
clasticity. Comparison is made between the calculated values by the present method and
those by axi-symmetric finite element method. As a result, the values ca

lculated by the

Present method and those calculated by the finite element method prove a comparatively



good agreement with respect to the raft settlement and the load distribution between pile

a1
an

d raft It is concluded that the present approximate approach provides a ground where

the elastic modulus is constant or increasing in depth direction with a practically

L“JL\[LILEIL’ accuracy

Polo and Clemente (1988) presented a method of predicting pile-group settlements for
cases in which piles are held together by means of rigid pile cap. Piles in the group
have been considered to be of same material, length and diameter. The piles have been
modeled as a hollow cylindrical insert in the interior of a homogeneous, linear, elastic,
isotropic half space. Settlement influence and interaction factors are obtained. These
factors are tabulated and can be used with the results of individual, full-scale, pile load

tests to provide a very effective means of estimating pile-group settlements.

El-Mossallamy (1989) presented in his paper the pile-raft-soil interaction. The analysis
was carried out under the assumption of linear elastic behaviour of raft, piles and half

space, unsolved bond, ie, no slip between piles and half space. The load sharing

b

between pile and raft, the effect of length of piles in reducing settlement are discussed.

Kuwabara (1989) performed boundary element analysis based on elastic theory for
behaviour of piled raft. Settlement and load transfer for a homogeneous isotropic elastic
half space are compared with freestanding pile groups and single piles. The vertical load
carried by the raft was found about 20-40% of the total applied load in case of L/d
(Length to diameter ratio) < 50, s/d (spacing to diameter ratio) < 10, in an undrained

condition. The result for load sharing has also been given for drained condition.

Chow (1992) presented a numerical analysis to study the behaviour of vertically loaded
pile groups embedded in a nonhomogeneous soil with the pile cap in contact with the
ground. The soil profile consists of soil with Young's modulus increasing linearly with
depth. Parametric solutions are presented to show the influence of the Young's modulus
variations on the behavior of the groups. The load displacement curve and load transfer

behaviour of 3 x 3 pile group for computed and measured ones have been presented



Poulos (1993) presented the results of piled raft soil interaction analysis when the soil is
subjected to either downward or upward vertical movements as a result of change in
etfective stress in the soil. The piled raft was analysed using simplified boundary element
approach, in which the raft was represented as a series of rectangular elements resting on
soil surtace, and each of the piles was discretized into a series of shaft and base elements
For soils subjected to consolidation (downward) movement additional compressive loads
are transferred to the piles by negative friction and the weight of the raft is also
transterred to the piles for relatively small soil movements. For soils subjected to
expansive (upward) movement additional tensile loads are transfeired to the piles both
because of the direct action of the expansive soil on pile and also because of additional
pressure generated under side of the raft. Thus it is suggested that in circumstances where
external vertical soil movements are likely to develop, the use of piled raft foundation is

best avoided

Pender (1994) compared the magnitude of the different contributions from pile group,
raft base and raft sides to the overall stiffness of the foundation. It was found that the
base interaction is most significant for vertical interaction and least significant for
moment interaction; this is a reflection of the relatively small contribution the sidewalls
make to the vertical stiffness and large contribution they make to the moment stiffness of

an embedded raft.

Gandhi and Maharaj (1996) have reported the load sharing between pile and raft based
on three-dimensional linear finite element method. Infinite piled forest model has been
considered for piled raft foundation. The raft, pile and soil have been discretised by eight
noded brick element. The effect of spacing, soil modulus and length of pile on load

sharing between pile and raft have been discussed.

Clancy and Randolph (1996) developed hybrid method of analysis by which the
complete analysis of larger foundation system may be performed. The paper outlines the
hybrid finite element-elastic continuum method of piled raft analysis, and describes an

approximate method for calculating overall foundation stiffness and load distribution



Parametric studies using the hybrid method have been used to develop approximate

methods for estimating difterential settlement Two case studies of piled raft foundation

have been made for comparison with the approximate method developed

Burd and Frvdman (1997) carried out a study of the bearing capacity of sand layers
overlying clay soils for the case where the thickness of the sand layer is comparable to
the width of a rigid foundation placed on the soil surface. A review of previous work
1s given and a discussion is presented of the dimensionless groups that govern the
behaviour of this type of foundation. A parametric study is carried out using both
finite element and finite difference methods. This study is based on the use of soil
parameters obtained from an assessment of the range of values that might be expected
to be appropriate for full-scale structures. The results of the parametric study are used
to illustrate the mechanics of the system and also to develop charts that may be used
directly in design. In particular, the results illustrate that the shear strength of the clay

has an important influence on the mechanisms of load spread within the fill.

Aucilio and Counte (1999) deal with the one-dimensional consolidation of unsaturated
soils due to the application of external loads. A simple equation is derived that enables
one to predict the rate of settlement of shallow foundations with time. A series of

cxamples is shown to demonstrate the feasibility and usefulness of the derived

equation.

Noura et.al (2002) analysed settlement and differential settlement variability of a pair
of foundations on random heterogeneous medium. The random soil properties of
Interest are the elastic modulus, and the Poisson ratio. The elastic modulus is modeled
as a spatially random field by adopting the lognormal distribution, which enables
analysing its large variability. Because soil poisson ratio is bounded in practice
between two extreme values, its random field is obtained by using the Beta
distribution. In this study, one proposes for the Beta field determination, a mapping
technique on the probability distribution function diagram, by solving a non-|

Inear

equati -
quation. However, the mean and variance are unchanged through the mapping
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operation Because the soil Poisson ratio is a positive parameter, one prefers to
perform the mapping operation with the probability function of the lognormal
distribution  Also, the proposed technique can be used for other bounded soil
properties such as the porosity In this paper, settlement and differential settlement
statistics prediction are carried out using Monte Carlo simulations combined with
deterministic finite element method (DFEM) A performed parametric study shows
that (1) as the variability of the elastic modulus increases as settlement and differential
settlement statistics are important, also, settlement statistics decreases as the Poisson

ratio variability increases, and differential settlement statistics do not seem be affected.

Liang ¢r al. (2003) extended the concept of piled raft to a new type of foundation
named composite piled raft in order to mobilize shallow soil to participate in the
Interaction of piled raft foundation sufficiently. In the system of composite piled raft,
the short piles made of flexible materials were used to strengthen the shallow soft soil,
while the long piles made of relatively rigid materials were used to reduce the
settlements and the cushion beneath the raft was used to redistribute and adjust the
stress ratio of piles to subsoil. Finite element method was applied to study the behavior
of this new type of foundation subjected to vertical load. Influencing factors, which
Include ratio of length to diameter and elastic modulli of piles as well as thickness and
elastic modulus of cushion, were studied in details. Load-sharing ratios of piles and
subsoil as well as foundation settlement were also investigated in thig paper. The
conclusions had been successfully applied to some practical buildings in the coastal
cities of China. The validity of the numerical results was examined through a seven-

storey building observed in sity

2.3 NONLINEAR ANALYSIS

Duncan and Chang (1970) developed a simple, practical procedure for representing the

non-linear, stress dependent, inelastic stress-strain behaviour of sojls Accordingly, the

values of required parameters may be derived from the regy]ts of standard laboratory

triaxial tests. The relationship contains six parameters, whose valyes may be determined



readily from the results of a series of triaxial or plane strain compression tests involving
primary loading, unloading and reloading Two of these parameters are the
Mohr-Coulomb strength parameters, ¢ and ¢, and the other four also have easily
visualized physical significance The behaviour of footings on sand and clay has shown
that finite element stress analyses conducted using this relationship are in good

agreement with observations and applicable theories.

Baguelin and Frank (1980) presented the use of the finite element method for
determining the realistic modes of behaviour of piles, for single piles under lateral or
axial static loads For axial load, piles have been studied in ideal linear elastic media The
mechanism of shaft friction has been clarified and has been extended to non-linear
media. The mobilisation of the shaft friction with the vertical displacements at a given

depth is quantified, taking into account a remoulded zone of soil around the pile.

Desai (1981) used finite element method to analyse cap, piles and soil foundation. The
cap was discretized as two dimensional plate elements and pile as one dimensional beam
clement. The stress-strain behaviour of soil was considered as nonlinear. The numerical
predictions show satisfactory comparison with results from other finite element solutions
and laboratory observations. It appears from the results that if the characteristics of
loading, structure, and the soil are such that the stress levels remain in the linear range,
the results from the present numerical procedure do not differ significantly in so far as
load distribution is concerned. A parametric study is performed to identify the effects of
changes of relative stiffness of cap, pile and soil medium. This study indicates that the
relative stiffness of pile, soil and cap can have considerable influence on the distribution

of load in piles in a pile group.

Madhav and Karmarker (1982) presented a simple method of‘estimating the settlement of
circular or annular centrally loaded footings. In this method the elasto-plastic behaviour
Manifested through the contact pressure reaching yield value gver certain regions of the

I("Ooting has been incorporated. The results obtained have been found to agree closely



with those trom FEM and experiments  Design charts have also been presented for ready

e
98, 1 =

Potts and Martins (1982) considered mobilisation of shear stress along a rough pile shaft
in normally consolidated clay in terms of effective stresses acting in the clay Predictions
of the stress changes, which occur in the soil adjacent to the pile shaft on loading, are
presented and shown in good agreement with some experimental results. The problem
was analysed as axi-symmetric by finite element method. Isoparametric elements each

with 8 nodes were used to discretize the pile and soil.

Siriwardane and Desai (1983) described computational procedures for implementing
some constitutive models and introduced in three dimensional finite element procedures.
The models considered were variable modulli, Drucker-Prager, critical state and Cap
models Consistent numerical schemes were presented with applications to number of
problems. It was suggested that these procedures could provide successful results with
advanced constitutive laws for three-dimensional analysis of a wide range of non-linear

problems

Poterasu and Mihalache (1985) presented analysis of stresses and displacement state in a
foundation and soil. The foundation was subjected to a compressive force and a bending
moment. For reinforced concrete foundation, Von-Mises criterion was used whereas for
soil Drucker-Prager criterion was used. The analysis considered was for plane strain
condition and the foundation and soil were discretized as 22 quadrilateral elements. The
same problem was analysed by boundary element method. The boundary element
method presented the advantage of a simpler discretization, that 1s, fewer the mnput data,
lesser the computer time. Though the results of the stresses were better, the displ

acement
values were far from the reality.

Kuppusamy (1985) suggested non-linear strain displacement relations in analysis for
geotechnical engineering problems. The finite element method was used to analyse

layered anisotropic soil media. The soil media was discretized as eight noded isotropic
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brick element The results of the analysis indicated that the displacements and stresses
predicted by the non-linear theory difYer significantly from those of the linear theory
Also the effect of anisotropy on the displacements and stresses is quite significant. It was
therefore concluded that a realistic prediction of stresses and displacements for practical
situations could only be accomplished by including geometric nonlinearity as well as the

true material properties of the soil

Chow (1987) presented a numecrical method for the analysis of general three
dimensional pile groups. The features of the pile-group model include battered piles,
different pile sizes, non-uniform pile sections, soil nonlinearity, soil nonhomogeneity,
and pile-soil-pile interaction A typical six-pile group is analysed. The method has
been used 1o analyse field and laboratory tests on groups of battered and vertical piles.

The computed solutions are shown to be in good agreement with the measured data

Zienkiewicz and Chen (1990) presented the theory of generalized plasticity in which
vield and plastic potential surfaces need not be explicitly defined. They have shown how
a very effective general model can be developed describing the behaviour of sands and of
clays under monotonic or transient loading. The hierarchical structure of the model limits
the number of parameters, which have to be experimentally determined for a given

material to those strictly necessary for problem at hand.

Liu and Novak (1991) presented pile soil static interaction by the combination of finite
and infinite elements. The pile and the near field soil medium were modeled by finite
elements, whereas the far field soil medium was modeled by mapped infinite elements
The Drucker-Prager mode] (Drucker and Prager, 1952), which is an extension of the
well-known Mohr-Coulomb criterion into three-dimensional situation, has been used n
the analysis to simulate the soil behaviour. Axially loaded single pile and single pile with
cap subjected to monotonic loading were investigated. The soil was assumed to be either
elastic or elasto-plastic. A weak zone was introduced around {]

1€ pile to approximately
account for slip between the soil and pile.



Trochanis (1991) studied the eftect of nonlinear soil behaviour on the axial and lateral
response of piles due to monotonic and cyclic loading. The soil material was idealised as
a Drucker-Prager elasto-plastic continuum and the interface elements were used to allow
tor slip and separation between the piles and the soil. Numerical results indicate that
material nonhnearity can significantly aftect pile and soil response Pile-soil slippage is
predominant under purely axial loading, while for lateral loads pile-soil separation is

crucial factors

Maharaj (1996) reported the elastic as well as elastoplastic analysis of piled raft
foundation The piled raft foundation has been analysed by three-dimensional linear as
well as nonlinear finite element analysis using ANSYS Finite Element Software. Three
models of piled raft foundation have been considered. First is the infinite pile forest
model in which a single pile with equivalent area of raft has been considered for the
analysis Both elastic as well as clastoplastic analysis have been done. Second is the strip
of piled raft foundation, which has been analysed for elastic analysis only. The third is
the piled raft foundation with group of piles, which has been analysed by linear as well as
nonlinear finite element analysis. The material nonlinearity of soil has been modeled by
Drucker-Prager Yield Criterion. The raft, pile and soil have been discretized as eight
noded brick finite elements. Design charts have been produced for load sharing between
pile and raft from the infinite pile forest model. Load-settlement curves have been
produced based on three-dimensional finite element analysis. The behaviour of piled raft
foundation under three-dimensional finite element method has been well understood. The

application of design charts for field problems have also been discussed.

Castelli and Maugeri (2002) proposed an approximate approach for the analysis of
nonlinear response of vertically loaded pile groups. The nonlinear pile-soil-pile
nteraction is modeled by hyperbolic load-transfer functions. To evaluate the practical
applicability of the proposed approach, a back analysis of a number of published case
histories referring to single pile loading tests were carried out. To extend the solution of
single pile to the case of a pile group, an equivalent pier interacting with surrounding soil

by means of hyperbolic load transfer function was considered. The behaviour of three
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full-scale instrumented pile groups was studied, and the computed results were found to

compare well with the measured values

Mahara) (2003) presents the results based on three dimensional nonlinear finite
clement analysis of piled raft foundation, which is under the application of uniformly
distributed load The raft, pile and soil have been discretized by eight noded brick
clements The soil has been idealised as a Drucker-Prager elastoplastic continuum
The load settlement curves for raft and piled raft have been presented. The effect of
soil modulus and pile length on load settlement behaviour of raft and piled raft has
also been presented Based on the finite element analysis it has been found that the
ultimate load carrying capacity of flexible raft increases with increase in soil modulus
and length of pile. Piles of length even less than the width of a flexible raft have been
found effective in reducing differential settlement. The increase in pile length has been
found to reduce the overall settlement and differential settlement. The increase in soil
modulus has been found to reduce the overall settlement. It has also been found that
although the increase in soil modulus reduces the overall settlement, differential
settlement increases with increase in soil modulus for the same overall settlement. The
results based on three dimensional finite element model considered in this analysis

compare well with published literature.

Maharaj and Gandhj (2003 a) presented detailed parametric study for piled raft
foundation by finite element method using ANSYS Finite Element Software. A single
pile with equivalent area of rafi has been taken from infinite pile forest. Piled raft has
been analysed considering one fourth of single pile with equivalent area of raft. The raft,
pile and soil have been discretized as eight-noded brick elements. The parameters varied
are pile length, pile spacing and soil modulus. Based on the above analyses design charts
have been developed for obtaining load sharing between pile and raft. The design charts
developed have been used to verify actual field measured data and found comparable,
The result obtained from 3D finite element model considered compare well with the

Feported literature.
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Mahara) and Gandhi (2003 b) present the results of three dimensional nonlinear finite
clement analysis of raft and piled raft foundation, which have been loaded till failure by
ANSYS Finite Element Software The raft, pile and soil have been discretized by eight
noded brick elements The soil has been modeled as Drucker-Prager elastoplastic
medium - The analyses have been done for raft, piled raft, group of piles and individual
pile The load settlement behaviour of raft, piled raft, group of piles and single pile have
been presented The effect of thickness of raft and soil modulus on load settlement
behaviour of raft and piled raft has also been presented. The axial load distribution for
piles in piled raft foundation has been shown. Also the development of contact stress
with increase in loading intensity has been presented for raft and contact stress-settlement
curves have been shown for raft and piled raft. Addition of even small number of piles
has been found to increase the load carrying capacity of raft foundation. The axial load
distribution shows that piles in piled raft foundation reaches to its ultimate capacity
carlier than the raft. The value of contact stress is found minimum at the center of rafl
and maximum at the corner. When the raft reaches to its ultimate load carrying capacity
uniform contact stress is found below the raft except at a very very small zone at the
corner of the raft. This uniform contact stress is found to be the maximum value, which
can develop below raft and piled raft. The finite element result compare well with

reported literature.

2.4 MODEL STUDY

Wiesner er al. (1980) presented a method of analysis of piled raft foundations in which
the raft is represented as a thin plate supported by piles and an elastic continuum. Tests
were performed on model piled rafts in a large tank filled with over consolidated clay.
Settlement and moment results from these tests were compared with results from
analysis. This suggests that theory based on the linearly elastic continuum can provide
satisfactory predictions of the behavior of piled raft foundations on rea soils provided

that appropriate allowance is made for pile-bearing capacity.
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Akinmusuru (1980) reported the interaction between cap, pile group and soil based on
laboratorv-scale model experiments Due to interaction, the bending moments are
induced in piles, and there 1s an increase in friction along the shaft of each pile. The
percentage capacity change of the cap caused by the interaction is not significant. The
change in both pile and cap capacities has been shown to be influenced by pile length and

cap size

Cooke (1986) presented results of model test on unpiled rafts, free-standing piles and
piled rafts of various sizes. These results were related with field measurements. The
study suggest that at the same overall safety factors the settlements of the structures on
piled rafts are likely to be comparable with the settlements of the structures on unpiled
rafts of similar sizes. Since, piled raft foundations are frequently employed because the
settlements of unpiled rafts are considered to be excessive, the small settlements that
structures on these foundations normally experience are probably due to the fact that the

safety factors in practice are higher than those assumed in design.

Byrne and Cassidy (2002) conducted a series of tests in a drum centrifuge with the aim
of investigating the performance of typical offshore foundations on soft normally
consolidated clay. The foundations consisted of spudcan footings and suction caissons.
The main aim of the investigation was to compare how the performance changes as
the foundation is varied. This is important when considering the use of a jack-up rig
fora permanent facility, a concept that is increasingly being considered. In such a case
there are concerns about the long-term suitability of the spudcan footing, with the
amount of sustainable rotational fixity being of particular interest. A total of 64
experiments were carried out investigating areas that include a) comparing the vertical
loading response in both compression and tension, b) using a fixed arm to apply
predominantly horizontal loading, and c) using a hinged arm to apply a distinct ratio of
horizontal to moment loading Interestingly in the case of the spudcan footing

considerable back-flow of the soil was observed during the installation phase



2.5 FIELDS MEASUREMENTS

Zeevaert (1957) itroduced new and interacting problems in foundation engineering for
the torty-three-storey building Tower, Latino Americana in Mexico City The foundation
comprises of 41m x 16m raft with 83 concrete piles of length 24m and diameter 0. 4m.
The paper describes the general philosophy adopted in the design of the foundation of
this building A detailed description of the subsoil conditions and mechanical properties
of the lacustrive deposits encountered at the site 1s given Settlement observations are
reported of the building of the ground surface and other deep-scated strata. The
settlement observed for piled raft was 23mm. A comparison of observed and computed
settlements is given in an attempt to predict the future behaviour of the foundation of the

building

Lambe (1968) reported measurements of pore water pressure and movement of
foundations on the M.IT Campus; identification and discussions of some of the
fundamentals of foundation behaviour, comparison of predicted and measured
performances. The main objectives were to assure that building foundations constructed
on MILT Campus performed satisfactory; reduction in the chances of foundation
construction damaging existing structures; and make possible foundations at a minimum
cost to the institute. Most of the heave that occurred during foundation construction was
caused by strains in the over consolidated soil immediately below the surface of the
foundation, rather than in the normally consolidated softer clay below. Most of the heave
was time-dependent. A comparison of predicted and measured performance showed an
under prediction of initial head drop, an under prediction of rate of consolidation heave
and excess pore pressure distribution, close prediction of the total head at the end of

excavation period and over prediction in initial heave and consolidation heave.

Moore and Spencer (1969) predicted the settlement of a structure, which was erected on
the surface of a thick layer of compressible soil. The different techniques adopted were
conventional oedometer method; oedometer method with back pressuring and with load

applied at constant strain rate: Skempton-Bjerrum method; Davis and Poulos method:
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and Lambe stress path method The first three methods based on oedometer testing
under-estimated the observed settlement. The last three methods also vyielded

underestimates of the observed settlement but were closer to the true value

D’ Appolonia and Lambe (1971) evaluated case study of four buildings supported on end-
bearing piles The piles were driven in preaugered holes through a 100-ft thick deposit of
medium to soft Boston blue clay to the bearing material, which is either sandy glacial, till
or weathered shale Movements were measured on these and adjacent buildings during
and after construction In addition, pore pressures and movements in the subsoil were
observed Driving displacement piles in clay generates large excess pore water pressures.
Preaugering is an effective means for reducing excess pore water pressures caused by
pile driving Settlement of buildings, especially those on shallow foundations, adjacent to

pile driving operations may be large

Hooper (1973) studied the behaviour of piled raft foundation supporting a tower block in
central London. The building is provided on piled raft foundation of plan area 618 m?
with 51 bored concrete piles of length 25m and diameter 0.91m. The field measurements
taken during several years are presented, together with the results of a detailed finite
element analysis. The analysis is carried out assuming uniformly distributed load on the
raft. The instruments used for measurement of pile load, contact pressure and settlement
were pile load cell, earth pressure cell and Jevel. The average settlement of the building
measured was 18mm. Based on the field measurements the estimated proportions of load
taken by piles and the raft at the end of construction were 60 % and 40 %. It was found
that the long-term effect of consolidation is to increase the load carried by piles and to

decrease raft contact pressure.

Cooke er al. (1981) investigated the behaviour of the piled raft foundation of size 43m x
19m with 351 bored cast in situ concrete piles of 13m length and 0.45m diameter of a 16
storey block of flats in North London in a 6 year period covering the erection and early
life of the building The observations showed that the load carried directly by the raft

decreased from about 45% of the total at early stages of construction to 25% at the time
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of occupation Load cells installed between the raft and selected piles demonstrated that
piles around the periphery of the building carried loads approaching double the loads on
piles in the interior of the group Vertical soil displacements beneath the building, was
measured from the time the raft was cast. Surveys of the settlements of the external walls
were made from the time the building was completed. From these observations it was
found that. while the overall settlements were small and differential settlements
neghgible, the overall settlements werc many times the scttlement of a single pile

measured 1n a short term loading test

Kay and Cavagnaro (1983) reported measurement of settlement of three structures on raft
foundations. For two of these structures surveying techniques were used while for the
third a borehole extensometer technique developed in the United Kingdom was used. The

extensometer approach was found to be superior from a number of stand points,

including accessibility during construction, convenience of measurement and accuracy of

results

Landva et al. (1987) reported a nine-storey structure constructed on raft foundation on a
30 m thick layer of clayey silt. Detailed soil investigations included conventional borings
and self-boring pressure meter, field vane and flat dilatometer tests performed at the site.
In addition to the field testing, undisturbed samples were obtained and tested in the
laboratory to determine the compressibility and shear characteristics. To compare the
performance of the foundation with design assumptions, instrumentation consisting of
piezometers, contact pressure load cells and settlement points were installed. The
foundation soil interaction was analysed using the stiffness method of foundation soil
interaction analysis. It was concluded that the prediction of settlement on the basis of
conventional consolidation tests grossly over estimates. The amount of settlement
observed in the field measures showed that the raft has settled in a dish shaped manner.
The contact pressure followed the trend of the settlement, highest recorded pressure

being near the centre of the raft and the lowest pressure near the edges.
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McKeen and Johnson (1990) conducted a study to investigate the simple rational
methods for calculating the active zone depth and the edge moisture penetration distance
In expansive soils. Analysis of soil-moisture diffusion indicated that the active zone
depth is a function of the maximum suction change imposed, minimum suction change

considered significant, climate frequency and field diftusion coefficient

Franke (1991) discussed design of 4 buildings supported on piled raft in Germany. The
analysis shows that compared to a raft foundation, piled raft reduces the settlement by
about 50 % He has reported actual measurements of pile head forces, contact pressure
between raft and soil and the settlements of piled raft for some of these buildings. The
Instruments used were pressure cells, glotzl transducers and extensometer respectively,
Time dependent load sharing and settlement of piled raft have been reported in graphical

form

Schwab eral. (1991) reported actual measurements of load sharing between piles and raft
by instrumentation of piled raft foundations, The results of measurements carried out on
several 1all buildings in Frankfur clay as done by Franke were reported here The

ultimate sharing was 45 9 by raft and 55 % by pile

Hannink (1994) presented the results of settlement measurements of two projects in more
detail. These projects offer data of the time settlement behaviour during the construction
period, and of the stregs distribution in the subsoil. Uncertainties however, continue to
exist, especially in relation to the time dependency of the settlements. This underlines the
necessity of continuing the measurements after completion of a high rise building. It was
concluded that the fing] settlement of 100 m high buildings in Rotterdam with a smallest
Cross section of 25 to 30m would generally be restricted to 100 mm at maximum. It wag
strongly advised that consultants, contractors and local government increase their efforts

10 continue measurement programs after completion of the high rise building,

Poulos (1994) suggested the alternative design strategies for design of piled raft

fOlmdations, outlined the circumstances, which are favorable for their uge and revj d
viewe
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various available methods of analysis of such foundations. It is suggested that significant
saving 1n piling costs can be achieved by making allowance for the effect of raft in
carrying load and reducing settlement, piles to operate at a factor of safety of unity and

using piles of different length or stiffness

Yamashita e¢r al. (1994) reported a five storey building on piled raft foundation of size
24m x 23m with 20 piles of length 16m and diameter 0.75m. The results of field
observations during construction and analytical study of the same building have been
compared At the time of completion of the building, the settlement measured was 10 to
20 mm and the load shared by piles was 49 %. Analytical simulation of the settlement
behaviour of the building was presented taking into account the interaction between the

piles, the soil and the raft, which compared favorably with the field observation.

Milovic (1998) showed the results of large settlements observed over several years in
Belgrade for a hotel founded on four rectangular rafts with expansion joints of 1 m
width, and for a silo group built on the right bank of the Danube River. The capacity
of the silo group is 400 MN. The settlement calculation for these structures was made
using deformation parameters deduced from cone penetration test’ results. The
theoretical solution for stresses and displacements was obtained by the finite

difference method. Observed and calculated settlements show satisfactory agreement.

Vincent Silvestri (2000) reports the results of a geotechnical investigation and a 3 year
monitoring program of clay deposits in Montreal Island, on which are founded five
typical residential buildings. The sites were provided with foundation wal] elevation
pins, ground movement plates, deep settlement points, piezometers and shallow water
level gauges, aluminum tubes for the measurement of volumetric weights and water
contents, and irrigation systems. Data recorded show that for the relatively dry

summer of 1991 ground and foundation settlements were more pronounced on the

nonirrigated sites.
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Poulos (2001) reported that if the raft alone cannot satisfy the design requirements, it
might be possible to enhance the performance of the raft by the addition of piles. The
paper discusses the philosophy of using piles as the settlement reducers and conditions
under which such an approach may be successful. Some of the characteristics of piled
raft behaviour are discussed Some typical applications of piled rafts are described,

including comparisons between computed and measured foundation behaviour.

Saharal eral (2002) deals with the vertical behavior of a single model pile in sand in a
pressurizing soil tank until the pile-soil system reaches an ultimate state, and presents
the comparisons between the results of tests and the elasto-plastic analysis that was
proposed by one of the authors. The analysis was based on the finite element method
taking account of the elasto-plastic state corresponding to generalized strain in soil
clements On the other hand, the vertical loading tests were performed for three types
of the pile model, the pile tip model subjected only to the bearing resistance at pile tip,
the pile shaft model subjected only to skin friction and the entire pile model subjected
to both types of resistance. As a result, it is found that prediction by the analysis is

fairly in good agreement with the results of the tests.

2.6 SUMMARY

Based on detailed literature review it is found (Ottaviani, 1975, Hain and Lee 1978, etc.)
that most of the analysis of piled raft considers linear elastic analysis with perfect bond
between pile/soil interface. Ottaviani (1975), Kuwabara (1989) etc. have reported
undrained condition. Kuppusamy (1985), Baguelin and Frank (1980), Chow (1987) and
Saharal et al (2002) have reported soil nonlinearity. Few references only report elasto-
plastic analysis (Liu and Novak (1991), Trochanis (1991), Poterasu and Mihalache
(1985), Maharaj (1996), Maharaj and Gandhi (2003) mostly using Drucker Prager Yield
criterion to idealise soil behaviour. Out of these Liu and Novak (1991) reports the
analysis of pile-cap-soil interaction. The slip between pile and soi]

has been reported by

Trochanis (1991) for piles only and Liu and Novak (1991) for pile-cap-soil interaction

Field measurements as reported by Hooper (1973), Cooke (1981), Schweb (1991)

4



Franke (1991), Poulos (1994), Yamashita (1994) give very useful information for load
transfer and settlement behaviour of piled raft. Poulos (1994) has also provided the

design alternatives of piled raft foundation
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CHAPTER 3
FINITE ELEMENT FORMULATION

3.LINTRODUCTION

In order to analyse a problem by finite element method, a finite element equation for
the problem considered Is to be obtained and after Imposing the necessary boundary
conditions the resulting equation is to be solved. In order 1o obtain the finite element
equation for the problem the element stiffness matrix and load vector is to be obtained
from which the finite element equation can be obtained. If material nonlinearity has
been considered in the problem, the constitutive matrix corresponding to it must be
considered in the formulation. The resulting nonlinear equation can thep be solved by

some of'the iterative techniques. This chapter discusses the above aspects.
3.2 FORMULATION OF THE FINITE ELEMENT MODEL

The following section discusses the derivation of stiffness matrix for a four noded
Isoparametric finjte element, the constitutive model, derivation of elastoplastic
constitutive matrix, equilibrium cquation for a finite element and the complete
problem in nonlinear finite element method, and the Modified Newton Rapshon
Iterative Procedure considered in the Finite Element Software’s PSNLFEM and
AXINLFEM developed by Mabharaj (2000). Appendix-III discusses in brief about

these softwares

3.2.1 Element Stiffness Matrix

3.2.1.1 Plane strain problem

In case of isoparametric finite element the same shape function g used for

'ePresenting the geometry and variation of element displacement The fo
8iven here for 4 four noded quadrilaters] finite element Figure 31 shows an

'SOparametric finite element in Cartesian and Naturg] coordinate systen,
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(a) Finite Element in Cartesian (b) Finilcﬁlcnmnt in Natural
Coordinate System Coordinate System

Figure 3.1 A Four Noded Isoparametric Element
The geometry of the element is expressed as

X = Nixp + Naxa +Nax; +Nyxq el
-“. — -\'],\’i + I\rg}'z ‘Nl\'i ‘f'NJ_\'-S

And the element displacement function is expressed as

u = Nju; + Naup +Nsus +Nyuy (3.2)
v=Nv; + Nav; +N3v3 +Nyvy

Where Ny, Ny, N3, Ny are the shape functions at nodes 1,2,3 and 4 respectively. These

shape functions are in natural coordinate system and can be obtained from the

following expressions.

N, = g_—_f)(_l—_Q N, = (I-r)1+s) ,
. . 5 ;

V- (1+7)1 + ) Y :w
4 4

The strain-displacement matrix can be obtained from the following expression
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e X X OX 1 u, | (3.4)
A A\ N CN cN eN, &N cN 'y
G i 3 55, %)) Cx ) o ||
& X & ( . ) u. |
i
v, J\
‘ (3.5)

Each of the terms in the strain-displacement matrix can be obtained from the following

relation between the Cartesian coordinate and the natural coordinate.

i cN, 6N, éN, &N, oN, ON, ON; 0N,

R iy o || S or cr cr cr "
(CN, &N, &Ny oN,| |: TR i&_ N, AV, N, 8)
e G S o oraror

1
ta

-

]

Where {"” '1} is the inverse of the Jacobian matrix, which can be obtained from

2l 22

the following relation

Jn o Jn |
. o (3.7
L1 &5 Ja In )

Where P_” ‘]_”J is the jacobian matrix [J] and each of the terms of the
Ja =
Jacobian matrix can be defined as

Jn=ox/or J1=0y/ér  Jn=0x/0s and J,=0y/ds (3.8)

The stiffness matrix is expressed as
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[K(- }: jﬂB ] [D}[Bt, ]Jic'/}'ds (3.9)

The constitutive matrix [D] can be obtained from the following relation
N .

3\

Q
o
C\\

E_ | Ue | (3.10)

3.2.1.2 Axisymmetric problem

The formulation is given here for a four noded quadrilateral finite element Figure 3.2

below shows an isoparametric finite element in Cartesian and Natural coordinate

system.
2 (x2,¥2) 3(x3.y3) 2(-1,1) 3(L,1)
I(x1.y1) 4(.\'4,)/.:) 1(-1,~1) 4(1,-1)
(a) Finite Element in Cartesian (b) Finite Element in Natural
Coordinate System Coordinate System

Figure 3.2 A Four Noded Isoparametric Element

The geometry of the element is expressed as

X = Nix; + Naxg +N3x3 +NaXs )

¥ = Nayy + Nayz +N3y3 +Naya (3.1 1)
And the element displacement function is expressed as

u = Nju; + Nauz +Njus +Nyuy

V= N]V1 + N2V2 +N3V3 +‘N4V4 (312)
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Where Nj, Na, Ni. Ny are the shape functions at nodes 1,2.3 and 4 respectively These
shape functions are in natural coordinate system and can be obtained from the

following expressions

(I-r)l-y) Vo (I =r)1+s)

Nysoe—e 2y, 820 S)
4 ' 4 (3.13)
e ) VN (R0 ()
4 : 4

The s[r';tin-displﬂcemcm matrix can be obtained from the I‘ollowing expression

S \ . (4, )
CH¥, cN, ON, oW,
hodd 0 - 0 i 0 = 0 v,
X ox ox ox
E A ) O = 2 I
: ‘ CN N, cN, cN. :
. 0 _:—] 0 — 0 = 0 = : ,
1€y [ _| oy cy ay ay ||V, (3.14)
.' 7o |CN, &N . OM, oN, &N ; ON, ON s ON, ||y a '
‘ g, Loy Ex cy ox cy ox oy e v,
| "Vl f\/‘\ AIJ
—_ 0 iv__ 0 i 0 o=t 0 i,
L x X X X ,
} )
fo_
€= [B.] {U,} (3.19)

The derivatives of shape function with respect to x and y in the strain-displacement
matrix can be obtained from the following relation between the Cartesjan coordinate and

the natura] coordinate.

A, av, aw, N, AV, @V, aw,

.I :'x ﬁ@:\‘ lors oc | _[fn I or or or or

f C'N, C‘N2 6N3 (9N4 a Iy Zq aNI aNE 5N3 5N4 (3-16)
e oy oy oy s O s Os

£ |« - : - .
" is the inverse of the Jacobian matrix, which can pe obtained from

- -
“9 i)

Where ;7:

the following relation
. , . =1
""1! 313]: Ju o Ji

LEn Iy | S (3'17)



I

Where o is the jacobian matrix [J] and each of the terms of the
| ’,: .j.‘: -
Jacobian matrix can be defined as
. 5 i = 3.18
Jn=x'cr Jis=cy/er Jy=cx/cs  and J3p=0y/Cs ( )
The stiffness matrix is expressed as
o1+l !
- e 3.19
[K.]=[[[5.] [D]B. 272 |ards .19
-1 -1
The elastic constitutive matrix [D] can be obtained from the following relation
o, M-v v v 0 £ |
T . v l1-v v 0 g, =
Ol B =2y} ! (3.20)
rn (] R 1’)(] - 21’) O O O ——2-_— Iy
%) RV R i | €
1 I
{Gl_[‘,)]l‘(‘f (3.21)

Where {cr} is the stress vector and {a} is the strain vector for a finite element

3.2.2 Constitutive Model

In the finite element analysis the soil has been idealised as elastoplastic material by

Von-Mises yield criterion. The criterion s given as

F= \/I-gy: 0 (3.22)

Where J; is the second invariant of deviatoric stress tensor and Oy 15 the yield stress
of material.
3.2.3 Elasto-Plastic Constitutive Matrix

The incremental stress-strain relation for an elastic element can be written as

{do,}=[Dle,” | (3.23)
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Where {do.} 1s the incremental elastic stress, {de.” } is the incremental elastic strain
[/7] 1s the elastic constitutive matrix for an element under axisymmetric condition
The incremental elastic strain for a finite element can be expressed as

Le V= lde Y- {de, ™ } (3.24)

Where {d=.} is the incremental total strain, {de.” } is the incremental plastic strain for a
finite element
By substituting equation (3 24) into equation (3.23), elasto-plastic stress-strain matrix

for a finite element can be obtained as

ldo, )= [DYlde, }- e,” ) (3.25)
Where
fte, "= /1{ ;f } (3.26)

[n the above equation Q is the plastic potential and A is the plastic multiplier. In the

formulation considered in this thesis Q=F. The plastic multiplier is given by

T
oF
ﬂ 3o, [D}de, }
A = aj; = aF (327)
I D -
oo, [ do,

Putting equation (3.27) into equation (3.26) {de."} can be written as

o | [ar )’
. P _ (4 ¢
%f&e }— — (3.28)
ot IR
oo, do,

Hence from equation (3.24) the elastoplastic stress-strain relation can be written as
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b L )

lio, )= [D] CLEPAS f__w#_ {de, } (3 29)
| oF | g eF
< » DK
& [ } co, | |
o, }=|D,, fde, } (3.30)

Where

ar | [ arF 1’
[, ]=[p)- — = — G

[ ] r(“11
P(CII }[F J’

3.2.4 Equilibrium equation for a finite element and the complete Problem in

()
|O%]
=
g

nonlinear finite element method

The equilibrium equation for a four noded isoparametric element as given below can be

obtained using the principle of minimum potential energy

K M. }={r) (3.32)

where [K.] and [F.] are the stiffness matrix and load vector of a finite element and
(U] is the nodal displacement vector for an element The stiffness matrix for a finite
element is given by

Under Plane strain condition

+1+1

I= ][ [D 5,1 ards (3.33)

=]

Under Axisymmetric Condition

34



k1= [[[8.] [D, 18, pd|drs _——

Fach term defined in stiftness matrix 1s same as in the stiffness matrix obtained for
clastic analvsis Only the elastic constitutive matrix is to be replaced by clastoplastic
constitutive matrix in the nonlinear finite element method. The force vector for an

element is given by

=TT e [T U s S

—
wJ
|99
L

—

v

In the element stiffness matrix and force vector;

[5.] is the strain-displacement matrix, [Dg] 1s the elasto-plastic constitutive matrix,
[V.] is the shape function matrix for an element, {(f»} is the vector of body forces for
an element, {f,} is the vector of surface traction for an element, £ is the concentrated
load acting at each nodal degree of freedom of an element, edof represents total degree

of freedom for an element

The stiffness matrix and load vector for all the elements have been obtained using 2x2
Gauss quadrature [Zienkiwicz 1990] integration scheme.
The stiffness matrix and load vector for all the elements have been assembled to obtain
the equations of equilibrium for the complete structure. The equilibrium equation for
the complete structure can be expressed as
& vy =1{r) (3:36)
Where [K,] is the stiffness matrix, {F,} is the load vector and {U,} is the nodal

displacement vector for the complete structure.

3.3 Modified Newton-Raphson Iterative Procedure

The finite element discretization process yields a set of simultaneoys equations.

[k v, }=1{F} (3.37)

Where [K] = Stiffness matrix



U} = Set ot unknown displacements

{F.t = Set of applied loads

It the stiffness matrix [K,] is itself a function of unknown displacements or their
derivatives, then the above equation is a nonlinear equation. The Modified Newton-

: ; ! NP CC Y ¢ " > near o at Lo . e
Raphson method is an iterative process of solving the nonlinear equations and can be

written as

[Ki] {AUG = {F} - {F/} (3.38)
i b ={U} + {AU} (3.39)

Where
[K.] = Tangent stiffness matrix
[F:] = Set of loads corresponding to stresses in all elements.

[FJ-[F;] is the out of balance load vector. i.e. the amount the structural system is out of

equilibrium

tU..1} s the total displacement the structure undergoes after first iteration
tUs} are the displacement obtained at the zeroth iteration

1AUs} are the displacement due to the unbalanced force after the first iteration.

The general algorithm proceeds as follows:

] Assume {Us}. {U,} are usually the converged solution from the previous iteration

when iteration number is zero. At first iteration {Us} = {0}.

- [Ks] is kept constant and the unbalanced force {F-F,} are computed.
3 The incremental { AU} is calculated for the unbalanced force.
4 {AUgs} is added to {Us} in order to obtain the next approximation {Usi1}.

The solution is said to be converged and in equilibrium after a number of iterations
when the unbalanced force {F.-F;} becomes almost zero or near to the tolerance

Considered.






CHAPTER 4

VALIDATION OF THE FINITE ELEMENT MODEL
4 1TINTRODUCTION

Results obtained from experimental investigation is validated with the results obtained
from numerica] modeling while the results obtained from numerical modeling is
validated with the results obtained from experimental investigation or the field
observations. These validations are very important for both type of research whether it is
experimental or it is analysed by numerical methods. The validation is accepted if the
variation of the results from the two methods does not exceed from 10-20 %. In this
chapter the results obtained for load settlement curves for piled raft foundation under
axisymmetric condition and plane strain condition from the nonlinear finite element

analysis have been validated with the results reported In literature,

2 VALIDATION UNDER PLANE STRAIN CONDITION

4.2.1 Definition of the Problem

The problem ag analysed by Whitman and Hoeg (1966) and reported by Lambe and
Whitman (1979) Figure 4.1, which has been analysed by finite difference method is
reanalyzed by nonlinear finite element method using PSNLFEM software in the present
research, modeling soi] as Von-Mises elastoplastic material and comparison has been
made for the load settlement curve. The number of elements used in the analysis is 100,
The bottom nodes have been considered completely fixed. All the nodes and at the
boundary edges have been allowed to undergo only vertica] translation. The type soj]

reported is clay.

Problem type: Plane Strain

" Type of load considered: Uniformly distributed load
Width of application of load: 4.40 m
Modulus of elasticity of soil (E,) = 34480 kN/m?
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Cohesion of soil (c) = 167.6 kN/m?

Poisson’s ratio of soil= 0 30

i Soil
\ 4 7

T 440 m
Clay

808 m

|
—>

808 m

+t+— 6.l6m ——>»
Figure 4.1 Definition of the Problem (After Whitman and Hoeg 1966)

4.2.2 Comparison of Load-Settlement Curve

Figure 4.2 shows the comparison of the load settlement curves as reported in literature
and by the present nonlinear finite element model considered. The two results are in

excellent agreement.

1200 I — "T—.—Whitman and Hoeg(1966)
—a—Present Analysis
-
T 800
>
&,
a)
S 400
0 - T T T ==

0 80 100 150 200 250
Settlement (mm)

Figure 4.2, Validation of 2D finite element mode]
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4.3 VALIDATION UNDER AXISYMMETRIC CONDITION

4.3.1 Definition of the Problem

The problem as reported by Kraft (1981), which is the field investigation of single pile at
University of Housten, has been analysed by nonlinear finite element method under
axisymmetric condition by AXINLFEM software. The number of elements used in the
analysis 1s 400 The bottom nodes have been considered completely fixed. All the
nodes at axis of symmetry and at the boundary edge have been allowed to undergo
only vertical translation.
The pile is a closed ended steel pipe pile

(Eqee)=2 x 107 kN/m?

The length of pile considered= 13 m

Outer diameter of pile =0.273 m

»  Thickness of hollow pile = 00927 m

Poisson’s ratio of soil = 0.5

Poisson’s ratio considered in analysis = 0.45
The modulus of elasticity of soil (E) and the cohesion of the soil (C) has been taken and

obtained from Figure 1] (Kraft (1981)), Figure 4.3 in this thesis.

INTERPRETED ELASTIC
MODULUS
KSF

INTERPRETED UMDRAINED
SHEAR STRENGTH
S, KSF Crmar:

T 0 =000

DEPTH  FEET

1075 1h
PIPE PILES
w eyl

LAB TESTS

CLAY [IH] SILT
SANDY CLAY

Figure.4.3 Soil Conditions at University of Houston (After Kraft, 1981)
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4.3.2 Comparison of Load Settlement Curve

Figure 4 4 shows the load settlement curve as obtained by the present analysis and that

reported by Kraft (1981) The two results are in excellent agreement.

300

250

200 A S
7 —— AXINLFEM
2 —&— Kraft et. |
S 150 / (& Rrait et.al (1981) |
@
o
-

100 -

50

0 . T
0 0.1 0.2 0.3

Settlement (inch)

Figure 4.4. Validation of FE Model
(1inch =25.4 mm and 1 kip =4.45 kN)
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CHAPTER 5
NONLINEAR FINITE ELEMENT ANALYSIS FOR
AXISYMETRIC PILED RAFT FOUNDATION

STINTRODUCTION

An Axisymmetric raft and piled raft foundations are used widely for axisymmetric
structures In order to understand the behaviour of such foundations when loaded till
failure, nonlinear finite element analysis has been done for axisymmetric raft and piled
raft foundation

S.2 DEFINITION OF PROBLEM

In order to understand the behaviour of raft and piled raft foundation nonlinear finite
element analysis 1s carried out for raft and piled raft foundation by varying parameters
such as raft diameter, length of pile, soil modulus, spacing between the piles.

3.3 DETAILED PARAMETRIC STUDY

Detailed Parametric study has been done for raft and piled raft by varying the following
parameters:

Diameter of Raft =10, 20, 30, 40, 50 meters

Raft Thickness = 0.1mto 4 0 m

Length of Pile= 10, 20, 30, 40, 60, 90, 120 meter

Diameter of the Pile = 0.4 m

Soil Modulus =22000, 76000, 130000 kN/m?

Poisson’s Ratio for Soil = 0.45

Modulus of Raft and Pile Material = 20000000 kN/m?

Poisson’s Ratio of Raft and Pile Material = 0.30

5.4 ANALYSIS OF AXISYMMETRIC RAFT

AXINLFEM software has been used to analyse the axisymmetric raf} foundation, The
validation of the results obtained from this software has been shown in chapter 4. Figure
5.1 shows the finite element discretization considered for raft foundation. Appendix-1V
includes the discretization details for a typical analysis. The raft and soil has been
discretized into four noded isoparametric finite elements. The soil has been modeled as

Von-Mises elasto-plastic material. From the centre of the raft a radial zone of soil equal
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to 5 umes the diameter of the raft has been considered. Below the raft, soil upto 200

meter has been considered
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Figure 5.1 Finite Element Discretization for Axisymmetric Raft

S5 ANALYSIS OF AXISYMMETRIC PILED RAFT FOUNDATION

Finite element analysis for axisymmetric piled raft foundations has been performed by
AXINLFEM. The results obtained from AXINLFEM have been found in good
agreement with standard finite element software. Each concentric row of piles in the
piled raft foundation hag been represented as an equivalent annulus of same volume.
Finite element discretization for typical piled raft foundation with the surrounding soil
and the soil strata below has been shown in Figure5.2. Appendix-IV includes the
dimension of elements for a typical analysis. The raft, pile and soil have beep
discretized into four noded isoparametric finite elements. The number of nodes and
elements considered are 625 and 576 respectively. The materia] nonlinearity of soil
has been idealised by Von-Mises Yield Criterion, which is Very suitable for clay under
undrained condition. The depth of soil considered in the analysis ig 200 meters. This
depth has been kept constant for all the analyses. Soil domain equal to 5 times the
diameter of the raft has been considered from the center of the raft in the latera]
direction. The bottom nodes have been considered completely fixed. All the nodes at
axis of Symmetry and at the boundary edge have beep allo

wed to undergo only vertica]

translation. Uniformly distributed load has beep considered to act on the foundation
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The uniformly distributed load considered has been applied as concentrated load on

the respective nodes on the foundation in the finite element analysis
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Figure 5.2 Finite Element Discretization for Axisymmetric Piled Raft
Foundation

5.6 RESULTS AND DISCUSSION

5.6.1.Load Settlement Curves

5.6.1.1 Effect of raft thickness

Figure 5.3 (a) shows the effect of increase in thickness on load settlement behaviour of
raft foundation of diameter 10 meters. The effect of increase in thickness of raft is to
reduce the settlement of the raft foundation and increase the load carrying capacity of
the raft foundation. The significant reduction in settlement and increase in load

carrying capacity of the raft is found at a raft thickness of 4 meter.

Figures 53(b) and 5.3(c) show the effect of raft thickness on the load settlement

behaviour of raft foundation of diameter 10 meter for different soil modulus The
hature of load settlement curves is similar as discussed above. Due to increase in soj]

: 1
modulus the overall settlement reduces at any thickness of the raft
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Figures 54 (a), (b), (c) show the effect of raft thickness on the load settlement
behaviour of raft foundation of diameter 20 meter for different soil modulus. The
effect of increase in thickness of raft is similar as discussed for smaller size (D =10
m) of raft For the considered range of thickness the load carrying capacity of the 20
meter diameter raft is more than that of the 10 meter raft. The effect of increase in soil

modulus is to increase the load carrying capacity of the raft foundation.

5.6.1.2 Effect of soil modulus

Figures 5.5 (a), (b), (c), (d), (e) and (f) show the effect of soil modulus on the load
settlement behaviour of  raft of diameter 10 meter for different thickness of raft. At
any thickness the effect of increase in soil modulus is to increase the load carrying
capacity of raft foundation. In other words the load carrying capacity of raft in stiff
clay is more than that in soft and medium stiff clay. The load carrying capacity of raft

of minimum thickness is least while that with largest thickness is maximum.

Figures 5.6 (a), (b), (c), (d), (e), (f) show the effect of soil modulus on the load
settlement behaviour of raft diameter 20 meter for different thickness of raft. It can be
observed from the graphs that the settlement of the raft foundation decreases with

Increase in soil modulus of the soil.

Figures 5.7 (a), (b), (c), (d), (e), (f) show the effect of soil modulus on the load
settlement behaviour of raft of diameter 30 meter for different thickness of raft. The
etfect of increase in soil modulus and thickness of raft is to increase the load carrying

capacity of the raft foundation.

Figures 5.8 (a), (b), (c), (d), (e), (f) show the effect of soi modulus on the load

settlement behaviour of raft of diameter 40 meter for different thickness of raft. It is
Observed from the graphs that load carrying capacity of the raft foundation increases

with increase in soil modulus and raft thickness.
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5.6.1.3 Effect of Raft Diameter

Figure 5 9 shows the effect of raft diameter on the load settlement behaviour of raft
foundation for different thickness of raft for soil modulus of 22000 kN/m?. The load
settlement curves obtained resembles with that reported by Maharaj (1996) and
Maharaj and Gandhi (2003 b).The smaller raft reaches to its ultimate capacity at
smaller settlement while the largest raft reaches to its ultimate capacity at very high
settlement compared to the smaller size of the raft. Difference in load carrying

capacity of different size of raft is more significant at higher loads.

Figure 5 10 shows the effect of raft diameter on the load settlement behaviour of raft
foundation for different thickness of the raft for soil modulus of 76000 kN/m?>. The
nature of the load settlement curve is similar as discussed above. The increase in size
of the raft is to improve significantly the load carrying capacity of the raft. The smaller
raft reaches to its ultimate capacity at smaller settlement while the largest raft reaches
to its ultimate capacity at very high settlement compared to the smaller size of the rafi.

The load carrying Capacity of raft is more than that for soil modulus 22000 kN/m?,

Figure 5.11 shows the effect of raft diameter on the load settlement behaviour of raft
foundation for different thickness of the raft for soil modulus of 130000 kN/m?2 The
nature of the load settlement curves is similar as discussed earlier. With Increase in
size of the raft there is significant improvement in the load carrying capacity of the
raft. The load carrying capacity of raft in this case is more than that discussed in
Figure 5.10 due to the increase in soil modulus. In this case also the smaller raft
reaches to its ultimate capacity at smaller settlement while the largest raft reaches to its
ultimate capacity at very high settlement compared to the smaller gjze of the raft. The
raft resting on soils with soil modulus 130000 kN/m? carries more loads when

compared with rafts on soil modulus 22000 kN/m? and 76000 kN/m?
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5.6.2 Load Settlement Curves for Piled Raft Foundation

5.6.2.1 Effect of length of pile

Figure 512 (a) shows the load settlement curves for piled raft foundation for varying
length of piles. The effect of providing piles below a raft is to increase the load carrying
capacity of raft foundation and decrease the settlement of raft foundation. With increase
in length of pile significant increase in load carrying capacity of piled raft foundation is
found Initial portion of the load settlement curves for piled raft foundation for pile
lengths 10,20 and 30 meter show overlap. This is due to the fact that for initial loads the
raft takes most of the loads. Once the raft is fully loaded, the loads are transferred to the
piles. It can be seen that piles of length even equal to the size of raft reduces the

settlement of the raft foundation and at the same time increases the load carrying capacity

of raft foundation.

Figures 512 (b), (c) show the load settlement curves for piled raft foundation of raft size
10 meter and varying pile lengths and varying soil modulus. A similar trend of load
scttlement curves as obtained earlier is seen even for these two cases. An increase in
overlap range of load settlement curves is seen. This is due to the fact that when the
modulus of soil increases the flexibility of raft as well as piles increases due to the sofl
structure interaction. In the beginning most of the load is carried by the raft and then it is
transferred to the pile. Piles being compressible, even longer piles do not show much

'mprovement in load carrying capacity due to its flexibility, which is due to soil structure

interaction.

Figures 5.13 (a), (b), (c) show the load settlement curves for piled rafi foundation when
the piles are provided at center to center spacing of five times the diameter of the pile for
varying pile lengths and soil modulus. As the spacing between the piles has been
Increased keeping the raft size same in the piled raft foundation, the numper of piles in

this case is less than in Figure 5.12. Comparison of Figure 5.13 and Figure 5.12 show that

due to the increase in spacing between the piles the load CarTying capacity of piled raft
foundation decreases. The trend of load settlement curves of Figure 5.13 (a) (b), (¢) is

similar to 5.12.
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Figures 5 14 (a), (b), (c) show the load settlement curves for piled raft foundation when
the piles are at center to center spacing of seven and half times the diameter of pile. The
load carrving capacity decreases with increase in spacing between the piles as 1s seen

when Figures 5 12, 5.13, 5 14 are compared with each other.

.6.2.2 Effect of soil modulus

‘n

Figures 515 (a), (b), (c), (d) show the effect of increase in soil modulus on the load
settlement behaviour of piled raft foundation. The effect of increase in soil modulus is to
increase the load carrying capacity and reduce the settlement of piled raft foundation.
Although the load carrying capacity increases and settlement reduces due to the increase

in soil modulus, the stiffness of the piled raft foundation as a whole decreases due to the

soil structure interaction.

Figures 516 (a), (b), (c), (d) and Figures 5.17 (a), (b), (¢), (d) show the load settlements
curves for piled raft foundations for pile spacing equal to 5 and 7.5 times the diameter of
the pile for varying soil modulus and pile length. With increase in spacing between the
piles the overall stiffness of the piled raft foundation as a whole decreases. And the
increase in soil modulus further reduces the overall stiffness of piled raft foundation. This
reduction in stiffness can be observed from the increased overlap of load settlement

curves when the soil modulus increases.

5.6.2.3 Effect of spacing
The load settlement curves have been plotted again to show the effect of increase in
spacing between the piles on the load settlement behaviour of piled raft foundation. It can
be seen from Figures 5.18 (a), (b), () that the effect of increase in spacing between the
piles is to reduce the load carrying capacity of piled raft foundation.

Figures 5.19 (a), (b), (c) and Figures 5.20 (a), (b), (c) show the effect of increase in soil
modulus for varying spacing between the piles. The effect of increase in spacing is to
decrease the load carrying capacity while the increase in soil moduy]

us is to increase the
overall load carrying capacity of the piled raft foundation
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(D=10m, s/d = 2,5)
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Figure 5.16 Effect of Soil Modulus on the Load Settlement Behavij )
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Figure 5.17 Effect of Soil Modulus on the Load Settlement Behaviour of Piled Raft
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Figures 5 21 (a), (b), (c), Figures 5.22 (a), (b), (c) and Figures 5.23 (a), (b), (c) show the
load settlement curves for piled raft foundation of diameter 20 m and spacing to diameter
ratio (s'd) of 50, 7.5 and 10. The effect of increase in spacing is to decrease the load
carrying capacity of piled raft foundation. This increase is seen predominant at higher
load on piled raft foundation. The effect of increase in length of pile is to increase the

load carrying capacity of piled raft foundation. The effect of increase in soil modulus is to

increase the load carrying capacity of piled raft foundation.

3.6.2.4 Load settlement curve for piled raft foundation for different diameter of the

raft

Figures 524 (a), (b), (c) show the load settlement curves for a piled raft foundation of

diameter 30 meter for different pile lengths. The effect of increase in length of pile is to
increase the load carrying capacity of piled raft foundation. This effect is seen to be
significant at higher load on piled raft foundation. When Figures 5.24 (a), (b), (c) are

compared to each other it is found that the effect of increase in soil modulus is to increase

the load carrying capacity of piled raft foundation.

Figures 5.25 (a), (b), (¢) and Figures 5.26 (a), (b), (c) show the load settlement curves for
piled raft foundation of diameter 30 m and spacing to diameter ratio (s/d) of 7.5 and 10.
A similar trend of load settlement curves as seen above for Figure 5.24 is found in these

cases. The effect of increase in spacing between the piles is to reduce the load carrying

capacity of piled raft foundation.

Figures 5.27 (a), (b), (c), (d), Figures 5.28 (a), (b), (c), (d) and Figures 5.29 (a), (b),
(c), (d) show the effect of soil modulus on the load settlement behaviour of piled raft
foundation. The effect of increase in soil modulus is to increase the load carrying
Capacity of piled raft foundation. This is true for all lengths of pile considered in the
analysis. When Figures 5.27, 5.28 and 5.29 are compared it is found that the effect of
‘NCrease in spacing between the piles is to decrease the load carrying capacity oF pilsd

raft foundation.
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Figure 5.27 Effect of Soil Modulus on Load Settlement Behaviour of Piled Raft

Foundation (D =30 m, s/d = 5)
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Figure 5.28 Effect of Soil Modulus on Load Settlement Behaviour of Piled Raft

Foundation (D = 30 m, s/d = 7.5)
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Figure .29 Effect of Soil Modulus on Load Settlement Behaviour of Piled Raft
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Figures 530 (a), (b), (c) Figures 5.31 (a), (b), (c) and Figures 5.32 (a), (b), (c) show
the effect of pile length on the load settlement behaviour of piled raft foundation
whose raft diameter is 40 meter for different soil modulus. The effect of increase in
pile length is to increase the load carrying capacity of piled raft foundation. The effect
of ncrease in soil modulus is to increase the load carrying capacity of piled raft
foundation This is true for all lengths of pile considered in the analysis. When Figures

530,531, 532 are compared it is found that the effect of increase in spacing between

3

the piles is to decrease the load carrying capacity of piled raft foundation.

Figure 533 (a), (b), (c), Figure 5.34 (a), (b), (c) and Figure 5.35 (a), (b), (¢) show the load
settlement curves for piled raft foundation of diameter 50 meter for varying pile lengths
and spacing and soil modulus. The effect of increase in spacing is to decrease the load
carrying capacity of piled raft foundation. The effect of increase in pile length and soil

modulus is to increase the load carrying capacity of piled raft foundation,

5.6.3 Axial Load Distribution

Fig.5.36 (a), (b) show for first load step the effect of spacing on the axial load distribution
of pile for raft diameter 10 meter, pile length equal to 10 meter for the center as well as
the boundary pile for soil modulus of 22000 kN/m®. In load step-1 the load applied are
P=3756.981 kN for s/d=2.5, P = 3113.288 kN for $/d=5.0, and for s/d = 15, P =
31T1.547 kN. After this load was applied in equal increments. For all spacing the axial
load is maximum in the top portion and decreases with depth. The value is found to be
minimum at the bottom of the pile. With increase in spacing the axial force in pile at all
depth increases. This is due to the fact that the mobilization of skin friction has increased
with increase in spacing between the piles. For all the above cases the boundary piles

Figure 5.36 (a) carries more load than the center piles Figure 5.36 (b).

Figure. 537 (a), (b) show the axial load distribution for the same piles discussed above
for load step 10. With increase in load step the axial load distribution hag increased. This

shows that with increase in load step more loads gets transferred 1o the piles. In the

beginning most of the load is taken by the raft
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Figure 5.32 Load Settlement Curves for Various
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Figures 5 38 (a), (b) show the effect of spacing on the axial force distribution for center
and end pile of length 30 meter, raft diameter 10 meter and soil modulus of 22000 kN/m*.
The axial load is maximum in the top portion of pile and minimum in the bottom portion
of the pile The effect of increase in spacing is to increase the load carrying capacity of

piles When compared to Figure 536, it is found that the effect of increase in length of

pile is to increase the load carrying capacity of pile.

Figure 539 (a), (b) show the axial force distribution for the same piles discussed above

for load step 10. With increase in load step the axial force distribution has increased. This
shows that with increase in load step more loads gets transferred to the piles. In the

beginning most of the load is taken by the raft. The axial load carried by the end pile is

more than that of the center pile.

Figure. 5.40 (a), (b) show the effect of location on the axial load distribution for piles of
length 10 meter, diameter of raft 10 meter for soil modulus 22000 kN/m? spacing to
diameter ratio (s/d) of 2.5 for load step 1 and 10. It can be seen that the center pile carries
the minimum load while the end pile carry maximum load. The load carried by the other
piles lie between the center piles and the boundary piles. When Figure. 5.40 (a) and 5.40

(b) are compared with each other it is found that the effect of increase in load step is to

transfer more loads to the piles.

Figures 541 (a), (b) show the effect of location on the axial force distribution for piles of
length 30 meter, diameter of raft 10 meter for soil modulus 22000 kN/m?, spacing to
diameter ratio (s/d) of 2.5 for load step 1 and 10. It can be seen that the center pile carries
the minimum load while the end piles carry maximum load. The load carried by the other
piles lie between the center piles and the end piles. When Figure 5.41(a) and 5.41(b) are
compared with each other it is found that the effect of increase in load step is to transfer
more load to the piles. \

Figures 5.42 (a), (b) show the effect of soil modulus on the axig] force distribution for
center and end piles of length 10 meter, diameter 10 meter and load step 1.The effect of

increase in soil modulus is to increase the load carrying capacity of piles ina piled raft

foundation
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The center piles carry minimum load while the end piles carry maximum load. This is
due to the fact that the mobilisation of skin friction is maximum in the end piles than the

center piles

Figures S 43 (a), (b) show the effect of soil modulus on the axial force distribution for
center and end piles of length 10 meter, diameter 10 meter, load step 10.The effect of
increase in soil modulus is to increase the load carrying capacity of piles in a piled raft
foundation The effect of increase in load step is to transfer more loads to the piles.
The center piles carry minimum load while the end piles carry maximum load. This is

due to the fact that the mobilisation of skin friction is maximum in the end piles than

the center piles.

Figures 5.44 (a), (b), (c) show the axial load distribution in centre pile, middle pile and
the boundary pile of length 10 meter at spacing to diameter ratio of 2.5 for varying load
steps for a piled raft foundation whose raft diameter is 10 meter and is on a soil whose
elastic modulus is 22000 kN/m?. For all load steps the axial load in pile is maximum in
the top portion and minimum in the lower portion. The percentage variation in axial load
between the top and bottom portion increases with increase in load steps. This shows that
the shear resistance offered by pile has increased with the increase in load step. Also at
larger load steps the curves are seen to come closer to each other showing that the piles
have reached to their ultimate capacity. When in Figures 5.44 (a), (b), (c) are compared it

is found that the centre pile carries the least load followed by the middle pile while the

end pile carries the maximum load.

Figures 5.45 (a), (b), (c) show the axial load distribution in centre pile, middle pile and
the boundary pile of length 10 meter at spacing to diameter ratio of 2.5 for varying
load steps for a piled raft foundation whose raft diameter is 10 meter and is on a soi]
whose elastic modulus is 130000 kN/m*. For all load steps the axial load in pile is
maximum in the top portion and minimum in the lower portion. The percentage variation
in axial load between the top and bottom portion increases with increase in load steps.

This shows that the shear resistance offered by pile has increased with the Increase in
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load step Also at larger load steps the curves are seen to come closer to each other
showing that the piles have reached to their ultimate capacity. When in Figures 5.45 (a),
(b), (c) are compared it 1s found that the centre pile carries the least load followed by the
middle pile while the boundary pile carries the maximum load. When Figures 5.45 (a),
(b). (¢) are compared with Figures 5.44 (a), (b), (c) it is found that the effect of increase

in soil modulus is to increase the axial load carrying capacity of all the piles.

Figures 546 (a), (b), (c) show the axial load distribution in centre pile, middle pile and
the boundary pile of length 10 meter at spacing to diameter ratio of 5.0 for varying load
steps for a piled raft foundation whose raft diameter is 10 meter and is on a soil whose
elastic modulus is 22000 kN/m?. For all load steps the axial load in pile i1s maximum in
the top portion. For lower load steps the axial force decreases with depth and becomes
minimum in the lower portion. For higher load steps the axial load first decreases and
then increases At larger load steps the curves are seen to come closer to each other
showing that the piles have reached almost to their ultimate capacity. When in Figures
5.46, (a), (b), (c) are compared it is found that the centre pile carries the least load

followed by the middle pile while the boundary pile carries the maximum load.

Figures 547 (a), (b), (c) show the axial load distribution in centre pile, middle pile and
the boundary pile of length 30 meter at spacing to diameter ratio of 5.0 for varying load
steps for a piled raft foundation whose raft diameter is 10 meter and is on a soil whose
elastic modulus is 22000 kN/m?®. For all load steps the axial load in pile is maximum in
the top portion and minimum in the bottom portion. The percentage variation in the load
carried in the top and bottom portion increases with increase in load steps. At higher load
steps the axial load distribution curves come very close to each other showing that the
piles have reached almost to their ultimate capacity. When Figures 5.53, (a), (b), (c) are
compared it is found that the centre pile carries the least load followed by the middle pile

while the boundary pile carries the maximum load.
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Figures 3 48 (a), (b), (c) show the axial load distribution for centre, second and boundary
pile for piles of length 10 meter, spacing to diameter ratio 5, raft diameter 10 meter and
soil modulus 130000 kN/m®. Axial load in pile is maximum in the top portion of pile and
minimum in the bottom portion of the pile for the different load steps. At higher load
steps for the centre pile and the second pile the axial load decreases with depth and then
again increases For the end piles at higher load steps the axial load first increases from

the top then decreases and then slight increase is found.

Figures 549 (a), (b), (c¢) show the axial force distribution in centre, second and the end
piles of length 30 meter, spacing to diameter ratio (s/d) 5, diameter of raft 10 meter and
soil modulus 130000 kN/m®. For each load step the axial load is maximum in the top
portion of the pile and then decreases with depth. In the extreme top portion of the pile
the axial load is found slightly less than the maximum for higher load steps. When centre
piles, second concentric row of piles and the boundary piles are compared it is found

that the centre piles carry the minimum ioad followed by the second concentric row of

piles while the boundary piles carry the maximum load.

5.6.4 Settlement Profile for Raft

3.6.4.1 Effect of Raft Thickness
Figures 5 50 (a), (b), (c) show the settlement profile for the raft for different thickness of

the raft and different soil modulus. When the thickness of the raft is 0] meter, the
settlement is maximum at the center of the raft and decreases with increase in distance
from the center of the raft. The settlement is maximum at the center of the raft and
minimum at the edge of the raft. The raft is under maximum differential settlement. With
increase in thickness of raft this differential settlement reduces and become almost
negligible when the thickness of raft reaches to 4.0 meter. Even when the raft thickness
reaches to 0.5 meter there is significant reduction in differentia] settlement. Figures 5.51
(a), (b), (c) show the settlement profile for soil modulus of 76000 kN/m? The effect of
increase in thickness of raft is to decrease the differentia] settlement of the raft, With
increase in soil modulus there is more curvature in the settlement profile, which shows

that the raft behaves more flexible in this case. This 1s due
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to soil structure interaction. The overall settlement reduces with increase in soil modulus.
Ilgures 3 532 (a), (b), (c) show the settlement profile for raft foundation for soil modulus
of 13000 kN/m* The effect of increase in thickness of raft is to decrease the differential
settlement

Figures 553 (a), (b), (c) show the settlement profile for raft of diameter 20 meter for
difterent thickness of the rafi. The effect of increase in raft thickness is to decrease the
differential settlement. But due to the increase in size of the raft, for the same thickness of
raft, the differential settlement is more than that for the raft of diameter 10 meters.

$.6.4.2 Effect of Soil Modulus

The effect of increased soil modulus on the settlement profile of raft foundation has been
shown in Figures 5.54 (a), (b), (c) and 5.55 (a), (b), (c). The differential settlement
decreases with increase in thickness of raft but the raft shows more flexible behaviour

with increase in soil modulus. This is due to the soil structure interaction,

Figures 5.56 (a), (b), (c) , 5.57 (a), (b), (c) and 5.58 (a), (b), (c) show the settlement
profile for raft of diameter 30 meter for different soil modulus and different thickness of
the raft. A similar explanation as explained above is true for this also. Due to the

increased diameter of raft it undergoes more differential settlement than that for raft of

diameter 10 and 20 meter.

Figures 5 59 (a), (b), (c), 5.60 (a), (b), (¢) and 5.61 (a), (b), (c) show the settlement profile
for raft of diameter 40 meter for different soil modulus and different thickness of the raft
A similar explanation as explained above is true for this case. Due to the increased
diameter of ‘raft it undergoes more differential settlement than that for raft of diameters
10, 20 and 30 meters.

.6.5 Settlement Profile for Raft in a Piled Raft Foundation

.6.5.1 Effect of Pile Length

igures 5.62 (a), (b), (¢) show the settlement profile for raft foundation of diameter 10

teters, Eq = 22000 kN/m® and spacing to diameter ratio of 2.5. Differentia] settlement

An be seen for raft foundation when no pile is there as shown in Figure 5.62 (a). This
: . Thi

ifferential settlement reduces
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even when pile of length equal to the diameter of raft is provided below the raft (Figure
562 (b)) When pile of larger length is provided, no differential settlement is observed
and the overall settlement is found to reduce.

5.6.5.2 Effect of Soil Modulus

Figures 563 (a), (b), (c) and Figures 5.64 (a), (b), (c) show the settlement profiles for
different so1l modulus of raft diameter 10 and s/d = 2.5. The effect of increase in soil

modulus is found to reduce the overall settlement of piled raft foundation The

settlement profile is found similar as seen in Figure 5.62.

Figures 5.65 (a), (b), (c), Figures 5.66 (a), (b), (c) and Figures 5.67 (a), (b), (c) show the
settlement profile for s/d=5 and for varying soil modulus for raft diameter 10 meter. The
effect of increase in spacing is to increase the differential settlement and the overal]
settlement. With increase in length of pile differential settlement has almost become zero

L.e no differential settlement is there. The effect of increase in soil modulus is to reduce

the overal| settlement.

Figures 5 68 (a), (b), (c), Figures 5.69 (a), (b), (c) and Figures 5.70 (a), (b), (c) show the
settlement profiles of raft diameter 10 meter and $/d=7.5. The effect of increase in
SPacing is to increase the overall settlement. With increase in length of pile the
differentia] settlement reduces to almost zero. The effect of increase in soil modulus is to

reduce the overall settlement of piled raft foundation.

Figures 5.71 (a), (b), (c), Figures 5.72 (a), (b, (c) and Figures 5.73 (a), (b), (c) show the
settlement profiles for piled raft foundation whose raft diameter is 20 meter and spacing
to diameter ratio of pile 5.0. Differential settlement is seen in the raft foundation, which
reduces with addition of pile and becomes zero with increase in length of the pile. The

effect of increase in soil modulus is to reduce the overal] settlement,

Figures 5.74 (a), (b), (c), Figures 5.75 (a), (b, (c) and Figures 5.76 (a), (b), (c) show the
ettlement profiles for piled raft foundation whose raft diameter is 20 meter and spacing

o diameter ratio of pile 7.5. Differential settlement is seen in the rafi foundation which
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reduces with addition of pile and becomes zero with increase in length of the pile. The

effect of increase in soil modulus is to reduce the overal] settlement.

Figures 577 (a), (b), (c), Figures 5.78 (a), (b), (c) and Figures 5.79 (a), (b), (c) show the
settlement profiles for piled raft foundation whose raft diameter is 20 meter and spacing
to diameter ratio of pile 10.0. Differential settlement is seen in the raft foundation, which
reduces with addition of pile and becomes almost zero with increase in length of the pile.

The effect of increase in soil modulus is to reduce the overall settlement.

Figures 5.80 (a), (b), (), Figures 5.81 (a), (b, (c) and Figures 5.82 (a), (b), (c) show the
settlement profiles for piled raft foundation whose raft diameter is 30 meter and spacing
to diameter ratio of pile 5.0. Differential settlement is seen in the raft foundation, which
reduces with addition of pile, and reduction is significant with increase in length of the

pile

Figures 5 83 (a), (b), (c), Figures 5.84 (a), (b, (c) and Figures 5.85 (a), (b), (c) show the
settlement profiles for piled raft foundation whose raft diameter is 30 meter and spacing
to diameter ratio of pile 7.5. As it can be seen from the settlement profile that overall

S€ttlement reduces with addition of pile, and also the differential settlement. The effect of

NCrease in soil modulus is to reduce the overall

‘igures 5 86 (a), (b), (c), Figures 5.87 (a), (b), (¢) and Figures 5.88 (a), (b), (c) show the
Cttlement profiles for piled raft foundation whose raft diameter is 30 meter and spacing
D diameter ratio of pile 10.0. Effect of addition of pile is found to decrease the overall
Sttlement as well as differential settlement The overall settlement decreaseg with

ICrease in soil modulus.

igures 5.89 (a), (b), (c), Figures 5.90 (a), (b), (c) and Figures 5.91 (a), (b), (c) show the
ttlement profiles for piled raft foundation whose raft diameter is 50 meter and spacing

' diameter ratio of pile 7.5. Differential settlement is seen in the raf ag well as the piled
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(D =30 m, s/d =5, E; = 76000 kN/m, P = 564

137

d Raft Foundation
844.5kN,t=10 m)



Raft Dimension(m) —‘
0 5 10 15
-100.00 - :
£ -300.00 '
E
=
Q
E
Qo
]
w)
|
[ (a)
Raft Dimension(m)
0 5 10 15
T ey
-100.00
£ -300.00
é |
'5 -500.00
=
o
£ -700.00
(%]
-900.00 ]"‘ L=30m
-1100.00
| ©)
Raft Dimension(m)
0 5 10 15
S
-100.00
a3 -300.00
£
T -500.00
5
= -700.00
13}
wn
-1100.00
| N

Figure 5.84 Settlement Profile of Raft in pi
npP :
(D =30m, s/d=7.5,E; = 76000 kN/m?, p = ggg:sRs?sﬁstol\?ntdat;%n
* y L=, m)



Raft Dimension(m)

10

15

-100.00
-300.00 |
-500.00 1

-700.00

Settlement(mm)

-900.00 1

-1100.00 -

——

(a)

Raft Dimension(m)

5

10 15

Settlement(mm)

(b)

Raft Dimension(m)
5

(@]

10 15

-100.00
-300.00
-500.00

-700.00

Settlement(mm)

-800.00

-1100.00

©

Figure 5.85 Settlement Profile of Ra
(D=30m, s/d=7.5Es =130000 kN/m

141

—_— ]

ftin Piled Raft Fo

undati
%P =686353.9 K >

N, t=1.0m)



Raft Dimension(m) T

0 5 10 15
-100.00 ¢ _
|
-600.00 1
£ -1100.00 |
E
£ -1600.00
Q
5 210000
¢ -2600.00 |+L =0m
-3500.00
(a)
Raft Dimension(m)
0 5 10 15
-100.00 [
-600.00 J
E -1100.00
E l
E -1600.00
Q
5 -2100.00
5
w -2600.00 1l e—L=30m
.3100.00 J
-3600.00
(b)
Raft Dimension(m)
0 5 10 15
-100.00
-600.00
£ -1100.00 R
E
£ -1600.00
Q
§ 210000
k]
v .2600.00
-3100.00 { ¢ L =20 m
-3600.00
@ -
—‘———-—ﬁ_______—__J

Figure 5.86 Settlement Profile of Raft in Piled i
(D =30m, s/d =10, Eg = 22000 kN/m? p = 6863§3a;t :h?utnfi:;tlgn )
i 1 L=1.0m

142



Raft Dimension(m)
0

— ..‘.—;-*ﬁ_—_—_'—________-‘ :

-100.00 |

l
-300.00 -
-500.00

J
-700.00 -
90000 ~—L=0m

Settlement{mm)

-1100.00 4
-1300.00 /

| Raft Dimension(m)
| @ 5 10 15

| -100.00 -r
-300.00
-500.00
-700.00
-900.00

-1100.00 T‘-_ L=30m
-1300.00

(b)

Raft Dimension(m)
5

Set:lement(mm)

—

10

—_—

-100.00
-300.00
-500.00
-700.00
-8900.00

Settlement(mm)

-1100.00
-1300.00

Figure 5.87 Settlement Profile of Raft in Pjleq .
(D=30m, s/d=10, E, = 76000 kN/m? p = sseagsag :t\?utnﬁhgn )
9KkN, t=10m



Raft Dimension(m)
0 5 10 15

_SOOO 4
-150.00 4
-250.00 |
| -350.00 a'
l‘ -450.00 {_ ¢ =0m
J -550.00 -
' -650.00
l .750.00
[

J

Settlement(mm)

(a)

Raft Oimension(m)
0 5 10 15

-50.00 {
F
+150.00

-250.00 "
-350.00 L/__,/

Settlement(mm)

®) "
Raft Dimension(m)
5

10 15

@]

-50.00
-150.00
-250.00
-350.00
-450.00
-550.00
-650.00
-750.00

Settlement(mm)

S —

Figure 5.88 Settlement Profile of Ratt in Pjleq :
(D =30 m, 5/d = 10, E. = 130000 kN/m, P = 6g5359.¢ T(?\Ju?cia?%n )
b vt=10.Uum

144



Raft Dimension(m)
0 5 10 15 20 25

0.00 , , ) | -
|
-1000.00 4
-2000.00 -

-3000.00 -

-4000.00 -
—e—L=0m

-5000.00 -

Settlement(mm)

-6000.00 1
-7000.00 §

(@)

Raft Dimension(m)
0 5 10 15 20 25

0.00 : : . , -
-1000.00 -

-2000.00 W*_*—H

-3000.00 -

-4000.00 -

-5000.00 H
-6000.00 {—¢— L=50m

Settlement(mm)

-7000.00 -

(b)

Raft Dimension(m)

0.00 : ' . , .

-1000.00

Settlement(mm)

——L=150m

-7000.00

(©

Figure 5.89 Settlement Profile of Raft in Piled Raft F -
= - ou
(D=50m, s/d=7.5,E, = 22000 kN/m? t=10 m)ndatlon

145



Raft Dimension(m)

v

-200.00 -
-700.00 -

-1200.00 4

Settlement(mm)

-1700.00 4

-2200.00 -

(a)

Raft Dimension(m)
5 10 15 20 25

0

T

I
-200.00 -
-700.00

-1200.00

Settlement(mm)

-1700.00 L =604

-2200.00

(b)

Raft Dimension(m)
0 5 10 15 20 25

T T o

-200.00 A

-700.00

-1200.00 +

Settlement(mm)

-1700.00 { _¢— | =150 m

-2200.00 J

©
—_— ]

Figure 5.90 Settlement Profile of Raft in Piled R i
(D=50m, s/d=7.5,E;=76000 kN/m?, P = 155‘.-‘!6;:?1t Ifﬁu?ﬁ“(?n )
yt=1.0m

146



Raft Dimension(m)

0 5 10

15

000 ———
-200.00 -
-400.00 4
-600.00 7'
-800.00 4

r&—L=Om
-1000.00

|
/ -1200.00
I

Settlement(mm)

-1400.00

(a)

Raft Dimerision(m)
10

15

20 25

0 5
000 +—

-200.00 J

-400.00 %

-600.00

-800.00
-1000.00
-1200.00 -

-1400.00

Settlement(mm)

L=50m

(b)

Raft Dimension(m)

0 5 10

15 20 25

0.00
-200.00 1
-400.00 -
-600.00
-800.00 -

-1000.00 -
-1200.00 A
-1400.00 /

Settlement(mm)

—o— L =150m

(©

_ ]

Figure 5.91 Seftlement Profile of Raft in Piled Raft Foundation

(D =50 m, s/d = 7.5, Es = 130000 kN/m?, p

147

= 1569694 kN, t=1.0 m)



ratt foundation, which reduces with addition of pile and with increase in length of pile.

The effect of increase in soil modulus is to reduce the overal] settlement.

Figures 592 (a), (b), (c), Figures 5.93 (a), (b), (c) and Figures 5.94 (a), (b), (c) show the
settlement profiles for piled raft foundation whose raft diameter is 50 meter and spacing
to diameter ratio of pile 10.0. Differential settlement is seen in the raft as well as the piled
raft foundation, which reduces with addition of pile and with increase in length of pile.
The effect of increase in soil modulus is to reduce the overall settlement.

Figures 5.95 (a), (b), (c), Figures 5.96 (a), (b), (c) and Figures 5.97 (a), (b), (c) show the
settlement profiles for piled raft foundation whose raft diameter is 50 meter and spacing
to diameter ratio of pile 15.0. Differential settlement is seen in the raft ag well as the piled
raft foundation, which reduces with addition of pile and with increase in length of pile.

The effect of increase in soil modulus is to reduce the overall settlement.

5.6.6  Yielding of Soil in a Piled Raft Foundation

Figures 598 (a), (b) shows the development of yield stress in soil for a piled raft
foundation of raft diameter 10 m, s/d equal to 2.5, raft thickness equal to 0.1 m and
s0il modulus of 22000 kN/m* for varying load steps. In load step 5, the yielding has
tarted from the edge of the raft and from the tip of the boundary pile. In load step 7,
he soil can be seen yielding from tip of pile and moving in upward direction. The soj]
lements below the pile tips have also yielded. The type of yielding shown in load step

shows the block behaviour of the pile group. The result shows that when the piles

€ at very close spacing block behaviour is there in the group of piles,

8ures 5.99 (a), (b) show the development of yielding at higher load steps (load step-
) and 15). The yielding of soil has reached to the base of the pile and ajsg below the
il layers as has been seen in load step 7. From the same Figure it can pe seen that
> zone of yielding has spread in upward direction, [atera] direction and also below

* Previous layers of the yielded soil mass. The yielded zone cap be S€en of almost of

b shape.
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Figure 5 100 shcws the yielding of soil below a piled raft foundation for load step 20

n be seen to form a yielded bulb. The yielding has spread up to

The vielded soil can

larger depth below the pile and also in the lateral direction. The zone of yielding is up
to 155 m in the lateral direction and 23 meter below the pile. Comparison of Figures
598, 599, and 5100 show that yielding starts from edge of raft and tip of the
boundary pile and as the load is increased, this yielding spreads in horizontal and
vertical direction and there is complete yielding of soil below the tip of pile and

around the boundary of pile and the edge of the raft.

Figures 5.101 (a), (b) show the yielding of soil for an axisymmetric piled raft

foundation for different load steps (5 & 7) for raft thickness of 4.0 metres, length of

pile 10 metre, spacing to diameter ratio of 2.5 and soil modulus of 22000 kN/m*, The

yielding starts first from the tip of pile and with increase in load it also starts from the
edge of the raft and the periphery of the pile.

Figures 5 102 (a), (b) show the yielding of soil in case of piled raft foundation for load
steps of 10 and 15. With increas
spared from tip of the boundary pile t

periphery of the boundary pile. with furth
low the ti

e in load steps (10), the yielding of soil is seen to
owards the center of the pile and also along the
er increase in load step (15), the yielding is

found 1o be up to a larger area be p of the pile. The yielding area also has

increased in the lateral direction. Figure.5.103 shows the yielding of the soil for load

step 20. Almost bulb shape of yielded zone of soil can be seen. The block behaviour is

seen even in this case.
Figures 5.104 (a), (b) shows the yielding of soil for a piled raft foundation of raft
diameter 30 metre, spacing to di

raft thickness as 1.0 m. At load step 5,

ameter ratio 7.5, soil modulus of 130000 kN/m? and
yielding of soil has started from the edge of the

ad in the lateral direction from the periphery

raft. This yielding can be se€n to spre o
Piles (load step 7). At load step 10 (Figure.5.105 (2)), the yielding of soil is seen to

Move in between the piles and also below the pile. At load step 15 (Figure 5.105 (b)),

the yielded soil forms a bulb shape: Figure.5.106 sh
| is found to be yielded.

ows the yielding of the soij for

l0ad step 20 and a large zon¢ of soi
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Figures 5107 (a). (b) show the development of yielding of soil for a piled raft
foundation of raft diameter 30 metre, spacing to diameter ratio of 7.5, soil modulus of

22000 kN/m* and raft thickness of 1.0 metre with 90 m length of pile. The yielding of

soll starts at the edge of the raft (load step 4) and moves in the lateral direction (load
step 7)  With further increase in load step (10), Figure 5.108 (a), the yielding of soil is

seen below the raft and in between the piles. At load step 15 as shown in Figure 5.108
ches up to the bottom of the raft and also spreads in the

(b), the vielding completely rea
20, Figure 5.109, the yielding of soil is seen up to larger

lateral direction. At load step
yielding of soil is seen.

length of pile. Also near the base of the pile
r a piled raft foundation of raft

f 7.5, pile length 90
7). The

Figures 5.110 (a), (b) show the yielding of soil fo
diameter 30 metres, spacing to diameter ratio between piles o
metres. The yielding of soil is seen at the edge of the raft (load steps 5 and

-we]djng is seen in between the piles (and spreads over larger Jength of pils: Figures
hows the yielding up to a larger

2111 (a), (b) (load steps 10 and 15). Figure 5.112'S

‘engih of pile and also up to larger area in the lateral direction.
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CHAPTER 6

LYSIS OF PILED

NONLINEAR FINITE ELEMENT ANA
E STRAIN

RAFT FOUNDATION UNDER PLAN
e CONDITION
LINTRODUCTION

Three d; : o
¢ dimensional Raft and Piled raft foundation can be analysed by considering 1t as a

he load applied depends on

Plane ctra; ;
Strain problem as the pressure bulb corresponding 1ot

the , . .
smaller dimension ic the width of the raft and piled raft. This saves a huge

er to understand the beh
as be

aviour of foundations when

C()mp .
utational coc ;

ional cost Hence in ord
en done under plane strain

loaq .
ed - I
till failure nonlinear finite element analysis h

COﬂdiI’
10 g . . :
n for raft and piled raft foundation.

0.2 DEFIn T
EFINITION OF PROBLEM

In g .
"der to understand the behaviour of raft and p!
and piled T

and spacing between the piles.

led raft foundation nonlinear finite

E][jm t .
0t analysis is to be carried out for raft aft foundation by varying

1 ;
“ters raft width, length of pile, soil modulus

6.3 D
E
TAILED pARAMETRIC STUDY foundation by varying the
oun

€ta; .
lled parametric study has been done for raft and piled raft

fo]l
-
Wing parameters:

Wjd
th
°fRaft =10, 20, 30, 40, 50 meters

iCkne
Cngt $softhe Raft = 0.1 mto 4.0 ™
“Shotpile= 19 29, 30, 40, 60, 90 120 meter

Soy O Fle=04m
2
b Cdulus =22000, 76000, 130007 kN/m

QISSQ )

n'g )

MOdU]U Rat]O for Soil = 045 kN/m2
hE ‘

6, Ratioof Raft and Pile M 0.30

Tay
ALYSIS OF RAFT

aterial =
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: EM softw
i [\\‘a!'c };;- hoae -
1as been used to zmal_\'se the raft foundation under pl'me stral
¢ n

condition T
n The validat -
dll — . ~ :
dation of the results obtained from this software has been shown in

Chﬁpler 4 Fiers

foundation ;lﬁirf ‘{‘1 <hows the finite element discretization considered for raft

T k' 1.;m and soil has been discretized into four noded isoparametric finite
1€ soil has been modeled as Von-Mises elasto-plastic material. From the

al to 5 times the size of the raft ha

as been considered. The boundary

Cemre .
aft a zone of sol
L ) =9 .
of soil equ s been considered.
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plane strain condition has been

om PSNLFEM software
are. A strip of

ations under

Fi“ite
5 obtained T

elep,
Yty ent analysis for piled raft found
hay,
e
; Cen
n fafy ound in good agreement with std .
Ui o FOundation of width equal 0 the spacing petween the P! |
n | '

the . has been considered in the analysis. The side of strip co.nsl ‘
n for typica] piled raft foundation

Tmed
by PSNLFEM software: The result
ndard finite element softw
les in the transverse

dered is equal to

Wld
. th .
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¢ raft. Finite €l ent discretiz .
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een shown 1 Figure 6.2. The
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etric tinite € ements.
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material nonlinear:
n T oy P ’ . : v 2
linearity of soil has been idealised by Von-Mises Yield Criterion, which is
Very suit ; ?
) 1bl‘ R . .o ; "
able for the clay under undrained condition. The depth of soil considered in
ant for all the analyses. Soil

[he an-][ ' .
dlys - 200 T
ysis is 200 meters This depth has been kept const

1 has been considered fr

dOn 1
4N equ: = . : -
equal to 5 times the width of rat
e been considered completely fixed.

om the center of the

el

jlﬁ In the lateral direction The bottom nodes hav

: | the nodes at center and edge boundaries have been allowed to undergo only

s

f:ﬂzca] translation  Uniformly distributed load have been considered to act on the
Undation The uniformly distributed load considered has been applied as

1 the foundation.

COnCe
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