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ABSTRACT

Piled raft foundation is a geotechnical composite construction consisting of three elements:
piles, raft and soil. In piled raft foundation, the superstructure load is shared between the piles
and the raft. Therefore, the piled raft foundation allows an increase in the load capacity and
reduction of settlements in a very economical way as compared with traditional foundation

concepts.

In this study, the contributions of raft on bearing behaviour of piled raft foundation and on
load sharing mechanisms between raft and piles in case of pile tips resting on hard stratum
has been conducted. The full interaction between the components of piled raft foundation was
accounted by a three-dimensional finite-element method. Commercial Bank of Ethiopia
(CBE) head quarter building has been taken as case study. This foundation is primarily
designed as conventional pile foundation. The raft; pile and soil have been discretized as
eight-noded brick elements. The raft and piles were modelled with a linear elastic constitutive
model whereas; the soil continuum was modelled with modified Drucker — Prager cap

plasticity constitutive model.

The foundation settlements and the load sharing between raft and pile have been investigated
to identify the contribution of raft to the total capacity of piled raft foundations. The results of
the analyses show that although the foundation is primarily designed by conventional piled
foundation, the raft alone is adequate to carry the total superstructure load with acceptable
settlement. Based on the result adding 46 piles below the raft has no contribution for
settlement reduction. However, almost the entire superstructure load is carried by the piles:
the contribution of the raft became negligible only 7% of the total load is carried by the raft.
When this result is compared with simplified method; the hand calculations give marginally
higher value. It gives 14.6% of the total load is transfer directly to soil by the raft. A
parametric study has been conducted to see the effect of weak layer located under hard
stratum below pile tips on piled raft behaviour. Based on the results, it can be concluded that
the effect of this weak layer is negligible for relative stiffness between the weak and hard
strata is greater than 0.5.In addition; the piled raft behaviour is not affected if the weak layer

is located below 9 m for all stiffness ratios (0.05 to 0.8) considered in this study.

Key wards: pile; raft; raft - soil interaction; finite element modelling and analysis; weak

layer; hard strata; pile tips
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CHAPTER ONE

INTRODUCTION

1.1 Background

The function of any foundation is to transmit the load to the soil in order to provide safety,
reliability and serviceability to the structure. Designing the foundation system carefully and
properly, will surely lead to a safe, efficient and economic project overall. The conventional
pile design philosophy is based on that piles carry all the load and they are accepted as a
group, no contribution is made by the raft to the ultimate load capacity. However, a
combination of the shallow and deep foundation can be a cost effective design approach. The
piled raft foundation is such a combination of a deep pile group and a shallow raft
foundation, which has gained increasing recognition in very recent years.

In a piled raft foundation, the total load coming from the superstructure is partly carried by
piles and the remaining load is taken the by raft through contact with the soil. The design of
piled raft is based on the soil-structure interaction between the constituting elements,
however, the piled raft subsoil interaction problem is highly complicated as it depends on
large number of parameters like pile-raft geometry, pile spacing, subsoil type etc. Hence it

needs 3D analysis to account for these factors.

In this study an investigation is made to assess raft contributions on the bearing behaviour of
piled raft foundation and on load sharing mechanisms between raft and piles in the case of
pile tips resting on a hard stratum. In addition, a parametric study has been conducted to see
the effect of weak layer located the under hard stratum below the pile tips on piled raft
behaviour. In this study the Commercial Bank of Ethiopia (CBE) head quarter building has
been taken as a case study. The complex geometry and interaction of piled-raft foundation
can be accounted for using Finite Element Method modelling. So, this method will be used
for modelling and analysing the piled raft foundation system. Prior to detail modelling a
preliminary assessment of the foundation has been carried out using simplified method. The
results of the analyses show that the raft alone is adequate to carry the total superstructure

load with an acceptable settlement of 5.1 cm.

Based on the results of the parametric study, the effect of weak layer located under hard

stratum below pile tips on the behaviour of piled raft is negligible for relative stiffness
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between the weak and hard stratum greater than 0.5. In addition; the piled raft behaviour is
not affected if the weak stratum is located below 9 m for all stiffness ratios (0.05 to 0.8)

considered in this study.

1.2 Problem statement

Though foundation engineers have long recognized the use of piles along with raft, the
contribution of the raft towards the load sharing and settlement is ignored in the conventional
design approach. Piles are assumed to carry the total structural load and this leads to a
conservative estimation of foundation performance. The Commercial Bank of Ethiopia
(CBE) head quarter building is now under construction (2010 E.C). This building is taken as
a case study to assess the contribution of the raft on the load sharing and bearing behaviour of

the actual piled raft foundation.

1.3 Objectives of the study

The main objective of this study is to investigate the contribution of raft to bearing behaviour
of piled raft foundation and to assess load sharing mechanisms between raft and piles in case
of pile tips resting on a hard stratum for the case of CBE Headquarter building under
construction in Addis Ababa.

Specific objectives

e to assess the load transfer mechanisms which take place within the piled raft
foundation system.

e to evaluate the load sharing behaviour between the raft and the piles.

e to investigate the contribution of the raft on the maximum and differential
settlements of the foundation.

e to assess the effect of the weak stratum on the failure mechanism of the piled raft

when this stratum is located under the hard stratum below the pile tip.

1.4 Methodology
In this thesis, finite element software is used for modelling the piled raft foundation.
To meet the above objectives the following procedure was followed.
v' Data collection
All the necessary secondary data that helps for the modelling and analysis of the piled raft

foundation were collected from investigation reports conducted in the lab and field tests.
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Different correlation techniques were also used to determine soil parameters that are not
included in the soil investigation report.

v’ Software modelling and analysis the data
The finite element software ABAQUS 2013 was selected for simulating the raft, pile and
piled rafts foundation. The behaviour of piled raft foundation was analysed based on different
constitutive material behaviours. The material behaviour of soil was modelled with non-linear
material constitutive model, whereas, the raft and piles were modelled with a linear elastic
constitutive models.

v" Finally the results are interpreted, conclusions are drawn and recommendations made

based on the obtained results.

1.5 Scope of the study

This study is limited to investigate the contribution of raft, on settlement, load sharing
behaviour and bearing capacity of piled raft foundations when the pile tips rest on a hard
stratum. The analysis is limited to the case of the Commercial bank of Ethiopia (CBE) head
quarter building under gravity loading only. It is also restricted to assess the failure behaviour
of piled raft in case where, a weak stratum is located under the hard stratum below the pile

tips.

1.6 Thesis Organization

Chapter 2 presents the general background of the use of piled raft foundations to support
different types of structures and the advantages of using such foundations. It also highlights
the current available means for analysing and designing piled raft foundations. A review of
previous studies on piled raft foundations is also presented in this chapter. Chapter 3 presents
information about the case study building and its surroundings. It also contains information
about geotechnical conditions at the site. The determination of soil parameters used for

modelling the foundation is also included in this chapter.

A preliminary assessment of the foundation a using simplified method has been presented in
chapter 4. This is to investigate the adequacy of the raft alone, with regard to ultimate bearing
capacity and settlement requirements. Chapter 5 presents details of the numerical model. This
model was used to analyse the piled raft foundation. In addition, the validity of the developed

model with respect to other models available in the literature is also included in this chapter.
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Chapter 6 presents the analysis results and discussions of the piled raft foundation. It has been
discussed in terms of load-settlement and load sharing-settlement curves. Conclusions and

recommendations of the whole work have been summarized in Chapter 7 and References also
added at the end of this chapter.
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CHAPTER TWO
LITERATURE REVIEW

2.1 General

Piled Raft Foundation is a composite foundation system consisting of three bearing elements;
piles, raft and sub soil, that combines the bearing effect of both foundation elements raft and
piles. Due to combining different element of strictures (raft and piles) in one system, piled-
raft foundations are regarded as very complex systems. The complexity of this type of
foundations is caused by the presence of four interaction factors involved in the system these
are pile-to-soil, pile-to-pile, raft - to-soil and pile-to-raft interactions Fig 2.1 (Jean-Louis
n.d.).

In conventional foundation design, it has to be shown that either the raft or the piles will
support the building load with adequate safety against bearing capacity failure and against
loss of overall stability. In piled raft foundation, the contributions of the raft and piles are
taken into consideration to verify the ultimate bearing capacity and the serviceability of the
overall system. In other words, the role of the raft is to provide the required bearing capacity
and the piles are used mainly as settlement reducers but can also contribute to the bearing
capacity.

Piled raft foundation provides an economical foundation option for circumstances where the
performance of the raft alone does not satisfy the design requirements. Under these situations,
the addition of a limited number of piles may improve the ultimate load capacity, the
settlement and differential settlement performance, and the required thickness of the raft (H.
Poulos 2001).The most effective application of piled rafts occurs when the raft can provide
adequate load capacity, but the settlement and/or differential settlements of the raft alone
exceed the allowable values. This generally occurs when the near-surface soil profile contains

relatively stiff clays or relatively dense sands (H. Poulos 2002).

The characteristic value of the total resistance R, (s) of the piled raft foundation depends

on the settlement S of the foundation and consists of the sum of the characteristic pile

m
resistance ) R i ;(8) and the characteristic raft resistance R,
=1

aftk (s) . The characteristic raft

resistance results from the integration of the settlement dependent contact pressure o (S, X, Y)

in the ground plan area of the raft. i .e
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Rtotal,k = Rraft,k + Zl Rpile,k,j 2 Stotal (21)
j=

Where: R, ., = total characteristic resistance of the piled raft, R . = characteristic resistance
otal raft

= total applied load to

total

m
of raft, > R i ; = total characteristic resistance of piles and §
j=1

piled raft

R

pile k.1

D
.—-l" .
‘ Interaction betwgen
C‘-F‘Rj and Soil _,G(X.y)
_On gl T oIl
T Yo Iy AR R _
A q_ll: |— -—} - j—- - Interactions
- ‘\“ "_L : T d_j j J_p v % Pile - soil- interaction
@ "_L ] qB..‘(Z) R J q“-i(z) Pile - Pile- interaction
:l ‘LJ' q ‘:; l ll (3) Raft - soil- interaction

(@) Pile - Raft- interaction

Figure: 2.1 Piled-Raft Foundation and the interactions among the bearing elements (Jean-
Louis n.d)

Bearing behaviour of the piled raft foundation is described by pile-raft coefficient o which

is defined by ratio between the sums of the characteristic pile resistance to the characteristic
value of the total resistance

; R pilr.k, j
i — (2.2)
P Rtotal,k
AAIT
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A piled raft coefficient of o™ 0 represents the case of shallow foundation, and a coefficient
of unity (Olpr = 1) represents the case of a fully piled foundation without contact pressure

beneath the raft. Piled raft foundation cover the range 0 < <1l whereby conventional

shallow and piled foundations are the limiting case of piled raft.

The pile-raft coefficient Qo depends on the stress level and on the settlement of the piled

raft.
Figure 2.2 shows a qualitative example of the dependence between the pile-raft coefficient

o and the settlement of a piled raft § o related to the settlement of a spread foundation

S.; With equal ground plan and equal loading.

Combined Pile-Raft Foundation

=y

Figure 2.2 Qualitative example of a possible settlement reduction of a CPRF in function of

the pile-raft coefficient L or (Jean-Louis n.d)

2.1.1 Soil — Structure interactions of piled raft foundations

The load bearing behaviour of piled raft foundation is characterised by complex soil —
structure interaction between the element of foundation and sub soil. The load bearing
behaviour of piles as part of piled draft differs with free standing pile. The ultimate bearing

capacity of pile beneath piled raft is greater than as compared with single isolated pile

AAIT Page 7



INVESTIGATING THE LOAD SHARING BEHAVIOUR OF PILED RAFT WITH PILE TIPS ON
HARD STRATA USING FINITE ELEMENT METHOD

whereas its stiffness smaller than the stiffness of a single isolated pile. This is due to the

effect of pile - pile and pile - raft interactions (Giretti 2009).

Although significant load may be carried by the raft (depending on the group size and pile
spacing) which increases shaft resistance of piles due to increasing vertical effective stress,
there is a corresponding decrease in load transfer in the upper region of each piles. This
softening response of pile group in the upper part is due to over lapping of displacement
field of piles and raft. But the two effects compensate, giving only marginally greater
stiffness of the overall foundation compared with a pile group with a free-standing pile cap
(Basile 1999).
The four interacting mechanism among foundation elements and their surrounding soil that
mentioned before, could be classified into two categories (Vakili 2015).

e pile-soil-pile and

e Pile-soil-raft.
The pile-soil-pile interaction is the same as the free standing pile group and is a function of
pile spacing and pile installation method. The interaction effect in the pile group design is

considered by defining the group efficiency as follows:

Q,.= EnQ, (2.3)

Where: Qq, = bearing capacity of pile group, Q, = bearing capacity of the single piles,
E = group efficiency and n = number of piles.

Pile-soil-raft interaction could have favourable and unfavourable effects on bearing capacity
and the settlement of piled rafts, respectively. The pressure between the raft and the soil
favourably increases the horizontal stress on the pile shaft and consequently increases the
shaft resistance. Whereas, this pressure may induces a negative skin friction on the piles
which increases the settlement. The pile-soil-raft interaction mainly controls the load sharing
mechanism of piled raft foundations when pile spacing (S) is more than 3.5d (d = pile
diameter (Vakili 2015).

2.1.2 Alternative Design Philosophies
Different design philosophies are developed by different authors for designing of piled raft
foundation. Some of the design philosophies are discussed here.
» There are three different design philosophies of piled raft foundation as clearly
defined by (H. Poulos 2001).
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* The “conventional approach”, in which the piles are designed as a group to carry the major
part of the load, while making some allowance for the contribution of the raft, primarily to
ultimate load capacity.

* “Creep Piling” in which the piles are designed to operate at a working load at which
significant creep starts to occur, typically 70-80% of the ultimate load capacity. Sufficient
piles are included to reduce the net contact pressure between the raft and the soil to below
the pre consolidation pressure of the soil.

« Differential settlement control, in which the piles are located strategically in order to reduce
the differential settlements, rather than to substantially reduce the overall average
settlement.

Figure: 2.3 illustrate, conceptually, the load-settlement behaviour of piled rafts designed

according to the first two strategies. Curve O shows the behaviour of the raft alone. Curve 1

represents the conventional design philosophy, for which the behaviour of the pile-raft

system is governed by the pile group behaviour. Curve 2 represents the case of creep piling
where the piles operate at a lower factor of safety, but because there are fewer piles, the raft
carries more load than for Curve 1. Curve 3 illustrates the strategy of using the piles as
settlement reducers, and utilizing the full capacity of the piles at the design load. Therefore,
the design depicted by Curve3 is acceptable and is likely to be considerably more economical

than the designs depicted by Curves 1 and 2.

Curve 0:
raft only (settlement excessive)

Piles & raft
yvielding Curve 1:
raft with pile designed for

yielding ! 5
conventional safety factor

Load
Curve 2:
raft with piles designed for
lower safety factor
Design|
load Curve 3:
Allowable raft with piles designed for
settlement full utilization of capacity

Settlement

Figure: 2.3 Load settlement curves for piled rafts according to various design philosophies
(H. Poulos 2001)
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» Burland’s approach (piles as settlement reducer)

In many cases, the raft alone can provide adequate bearing resistance; however, it may
experience excessive settlement. Therefore, the concept of employing piles as settlement
reducers was proposed by (Burland 1977). The author proposed a new design philosophy to
consider the raft as the main bearing element and to apply the pile group as the settlement
reducer. Following this idea, the implemented piles below the raft are designed to operate
typically at 70-80% of their ultimate load or even at their full load capacity.

In piled raft foundation system, including piles beneath raft may have two purposes. In one
hand to control raft settlement with in the allowable value, On the other hand, both to reduce
settlement and to improve its bearing capacity. In the case of bearing capacity of raft is
sufficient to resist the applied load and the ultimate capacity of the piles may utilize since the
main purpose of including them beneath the raft is to reduce settlement. In the case of bearing
capacity of raft is not adequate to resist the applied load piles are required not only to reduce
settlement the raft but also to improve its bearing capacity, In this case, the ultimate capacity

of piles are not used some factor of safety is taken for their ultimate capacities.

» On the basis of design requirements, a piled raft foundation can be subdivided in two

broad groups: “small” and “large” piled rafts (Viggiani 2012).

1. “Small” piled rafts, where the primary reason for adding the piles is to increase the factor
of safety (this typically involves rafts with widths between 5 and 15 m);

2. “Large” piled rafts, whose bearing capacity is sufficient to carry the applied load with a
reasonable safety margin, but piles are required to reduce settlement or differential
settlement. In such cases, the width of the raft is large in comparison with the length of
the piles (typically, the width of the piles exceeds the length of the piles).

These two categories broadly mirror the conventional and creep piling philosophies

considered by Randolph.

2.1.3 Design issue

The performance of piled raft foundation depends on different factors since it is composed of
piles, raft and soil, its behaviour is mainly depends on these factors. A sound prediction of
piled raft foundation behaviour implies a full interaction between piles, raft and soil. Hence,
the following factors must be considered, the raft characteristics, piles characteristics, and

soil characteristics (Sinha 2013).
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As with any foundation system, the design of a piled raft foundation requires the
consideration of a number of issues. (H. Poulos 2001) suggested that in order to provide an
optimum piled raft foundation design, the following aspects shall be considered and
checked:-

e Ultimate load capacity for vertical, lateral and moment loadings

e Maximum settlement

o Differential settlement

e Load shared between piles and raft

e Raft moments and shears for the structural design of the raft

e Pile loads and moments, for the structural design of the piles

2.1.4 Design process
The design of a piled raft foundation has three main stages. Preliminary stage, Second stage
and detailed design stage (H. Poulos 2001).These three design processes are discussed as
follows:-
a) Preliminary stage to assess the feasibility of a piled raft foundation, and to assess the
required number of piles to satisfy design requirements; in this stage the performance of raft
without piles is assessed under uniformly distributed load over the raft to estimate vertical
and lateral bearing capacity, settlement and differential settlement may be made via
conventional techniques. If the raft alone provides only a small proportion of the required
load capacity, then it is likely that the foundation will need to be designed with the
conventional philosophy in which the piles are designed to carry most of the load. If however
the raft alone has adequate or nearly adequate load capacity, but does not satisfy the
settlement or differential settlement criteria, then it may be feasible to consider the use of
piles as settlement reducers.
b) Second stage to assess where piles are required and the general characteristics of the
piles. If the raft alone adequate or nearly adequate capacity to carry the total load but does not
satisfy the serviceability limit state from the Preliminary stage; the performance of raft
without piles is evaluated in this stage under the actual load pattern to identify where pile is
require. Piles may provide below a column upon the following conditions:

e If the maximum moment in the raft below the column exceeds the allowable value

for the raft.
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e If the maximum shear in the raft below the column exceeds the allowable value for
the raft.
e If the maximum contact pressure below the raft exceeds the allowable design value
for the soil.
o If the local settlement below the column exceeds the allowable value.
c) Final detailed design stage to obtain the optimum number, location and configuration of
the piles, and to compute the detailed distributions of settlement, bending moment and shear

in the raft, and the pile loads and moments.

2.2 Methods of analysis

The various methods that have been developed for analysing piled raft can be ranged from
simplified calculation to more rigorous computer based method. All the analysis methods can
be classified into three broad categories: Simplified methods, approximate methods and more

rigorous methods.

Simplified methods involve the hand calculation using the theoretical solution for a raft and
for a pile in elastic continuum. Simplified methods include those of Poulos and Davis,
Randolph, Burland. All these methods involve a number of simplifications while
considering the soil domain and applying load on the raft.

The approximate computer-based methods are based on elastic theory and mainly have two
approaches (H. Poulos 2001). Strip on Springs Approach (GASP) and Plate on Springs
Approach (GARP).In the first approach, the raft is represented by a strip and the supporting
piles by springs. The analysis is carried out by taking some allowance of interaction factors to
obtain the settlements and moments due to the applied loading on that strip section. In the
second approach, the raft is represented by an elastic plate, the soil is represented by an

elastic continuum and the piles are modelled as interacting springs.

In more rigorous computer-based methods, the interactions of piled raft components are
accounted by modelling the actual problem in computer program. The analysis of piled raft

foundation by rigorous method, one may use either of the following alternatives (Sinha 2013).

1. Numerical solution, combination of numerical and analytical,

2. Commercially available software based on numerical technique and
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3. Mixed technique based on the finite element method (FEM) and boundary element
method (BEM), where FEM is used to model raft and boundary element method is
used to model pile-soil and raft-soil.

Poulos - Devis - Randolph (PDR) method from simplified methods and the second option,
commercially available software based on numerical technique, from more rigorous methods
will be discussed here in detail because both methods will be used for preliminary and detail

design stage of piled raft foundation in this study.

2.2.1 Simplified methods
a) Poulos- Devis —Randolph (PDR) method
PDR method is the combination of both Poulos-Devis and Randolph methods. This method is
used for assessing the overall bearing capacity and load settlement behaviour of piled raft in
the preliminary design stage. The are two phases in the preliminary stage of piled raft
foundation as described by (H. Poulos 2002).In the first phase of preliminary design stage the
performance of raft foundation without piles is assessed in terms of its bearing capacity and
average settlement using conventional approach. This process helps to identify a proper
design philosophy and to estimate the number piles which satisfy the requirements.
In the second phase, the performance of raft under column loading is evaluated to decide
where these piles should be located.
For assessing vertical bearing capacity of a piled raft foundation using simple approaches, the
ultimate load capacity can generally be taken as the lesser of the following two values (H.
Poulos 2002).

a. The sum of the ultimate capacities of the raft plus all the piles

b. The ultimate capacity of a block containing the piles and the raft, plus that of the

portion of the raft outside the periphery of the piles.

The required numbers of piles which satisfy the overall bearing capacity and the allowable
average settlement of the foundation can be estimated by developing load settlement curve of
the foundation. The curve is depend on the stiffness of individual foundation component

K,+K,b-a.)

K= > (2.4)
1 & 2N K,
K,
Where: K o= stiffness of piled raft, K 0= stiffness of the pile group
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K, = stiffness of the raft alone, Q.= raft—pile interaction factor.

The stiffness of the raft (K ) is computed by hand using (Eq.2.5a) using elastic theory of

(Mayne 1999). This theory assumes the raft to be an equivalent circular footing, and
considering the centre of a flexible raft.

E.d
Kr=(——j?——— (2.5a)
L-vlele
Where: K .= Raft stiffness, d = equivalent diameter of the raft, v = Poisson’s ratio of the soil
E . = Equivalent elastic modulus of soil, [ = Elastic modulus of the raft, t = thickness of

the raft, Zg = depth of the foundation, I = correction factor for rigidity, Ie = correction factor

for embedment

1

=1~ - (2.5b)
3.5exp(1.22v - 04)| —+1.6
V {ze }
| =2+ L (2.5¢)
F4 466+10%K. '
I<F=E?* ir (2.5d)

The stiffness of pile group (K pg) can be estimated first by computing single pile stiffness

using (Eq.2.6) from approximate solutions of (H. Poulos 2001), then multiplying this
stiffness by group efficiency(R= n""®), where n = the number of piles, e = efficiency exponent,

typically in the range 0.2-0.6, but varying with spacing.

4n +215tanhy|_p
1-vie ¢ a pul,
1 4y Etanh,uLp
A (l-v)¢E a ,u|_p

K.=G.r, (2.6)

1+
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Where: Gs: soil shear modulus at the depth |_p, |_p = pile length, r_ = pile radius,

n=r,/r, r, = pile radius at its base £=(G,/(G,, (5, = shear modulus of the soil below
the pile base, p=(5,,,/G= medium shear modulus at the soil layer around the pile,

A=E /G, = pile —stiffness ratio, | = elastic modulus of pile material, &' =In (rm/ r,

r.= |_p {0.25+ f[2.5p(L-0) - 0.25]}: maximum radius of influence, x| = 5 2

r. Vet
The raft — pile interaction oy can be estimated by equation (2.7)
In(rcl
-1 Tr @.7)

where = average radius of raft ( corresponding to an area equal to the raft area divided by

number of piles); = radius of pile; {'=In (rm/ r,)r.= |_p{0.25+ [25p(1-v) —0.25]};

¢=EJE,, p=E./E,: v = Poisson’s ratio; L = pile length; [ = Soil young’s

modulus at level of pile tip; E_ = Soil young’s modulus of bearing stratum below pile tip;

E .., = Average young’s modulus along pile shaft as shown in figure 2.4a.

Randolph reported that the raft-pile interaction factor has a tendency to be equal to 0.8 for

large group of piles (Sinha 2013). Therefore, the overall stiffness may be simplified to
(Eq.2.8).

1—0.6(L

K pr — K p (28)
1-0.s(Kr
K

p

The proportion of the total applied load carried by the raft is:

P._ 02 K,
P 1 0sKny Ky
K

p

(2.9)
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Equation 2.8 is used to develop a tri-linear load-settlement curve of the piled raft system as
described by (Katzenbach 2013). First the stiffness of the piled raft foundation (Randolph
approach Figure2.4a) is computed for number of piles being considered. This stiffness will
remain operative until the pile capacity is fully mobilized. Total applied load, P4, at which

the pile capacity is reached, is given by:

P,.- P. (2.10)
Ol

Where: P, = the ultimate load capacity of the pile group
o™ proportion of load carried by the pile group, L or =1-X

X = proportion of load carried by the raft (Eq.2.9)

Beyond that point (Point A in Figure 2.4), the stiffness of the foundation system is that of the
raft alone and this holds until the ultimate load capacity of the piled raft foundation system is

reached (Point B in Figure 2.4). At this stage, the load-settlement relationship becomes

horizontal.
T,
4—C>{ Young's Modulus E
l_’_l Ew Ewv Ed Esbh P“ _______________ B
| I = I
h : Load }
| I }
| | L |
Soil | L : I |
. \
| : Pile + raft I ‘
' elastic ~—- - . . ! X .
| | Pile capacity fully utilised. 1 Pile + raft ultima
. : L raft elastic rcapacity‘ reached
| i | |
caring g
= = Settlement
stratum _"| L_ d=2r,
a b

Figure: 2.4 a) Piled raft - unit Randolph approach b) Simplified load settlement curve (H.
Poulos 2002)

b) Burland’s approach

Burland has developed some simplified process of design when piles are designed to act as

settlement reducer and to develop their full capacity at the design load (Burland 1977).
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VI.

Load

Estimate the total long-term load-settlement relationship for the raft without piles
(Figure 2.5 a). The design load P gives a total settlement S .

Assess an acceptable design settlement S,, which should include a margin of safety.
P1 is the load carried by the raft correspondingto S, .

The load excess P, — P, is assumed to be carried by settlement-reducing piles. The

shaft resistance of these piles will be fully mobilized and therefore no factor of safety
is applied. However, Burland suggests that a “mobilization factor” of about 0.9 be

applied to the ‘conservative best estimate” of ultimate shaft capacity P _ .

If the piles are located below columns which carry load in excess of P_ , the piled raft
may be analysed as a raft (Figure 2.5b) on which reduced column loads act. At such

columns, the reduced load Q is Q =Q -9P,.

The bending moment in the raft can be obtained by analysing the piled raft as a raft

subjected to the reduced IoadsQr :

Q = Column load

g
A
> | Rt
= Estimatad
| load-settlement ] ]

___ | v fOl laf[ 71 Pile ultimate shaft
| | capacity = Psy
| L |
I I S, = allowable settlement
| Piles to carry load excess Reduced column load
| | of '::PO - Pl :' Qr=0Q- U‘.gpsu
| ﬂ
| |

o=
S. S
7Y Toral settlement L
a b

Figure: 2.5 a) Load settlement curve for raft b) Simplified representation of pile — raft unit

(Burland 1977).

2.2.2 More rigorous methods

In the preliminary design stage only bearing capacity and average settlement of rafts are

consider as discussed section (2.2). This helps to decide the number piles required and where

these piles should be located, but other issues such as differential settlement, raft shear force
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and bending moment, distribution of load among the piles etc. are not considered. So it is
necessary to carry out a more detailed design in order to assess the detailed distribution of
settlement and decide upon the optimum locations and arrangement of the piles. The raft
bending moments and shears, and the pile loads, should also be obtained for the structural

design of the foundation.

The numerical methods employed to simulate the complex piled raft foundation are mainly
the Finite Element Method (FEM), Boundary Element Method (BEM), Finite Difference

Method (FDM) or a combination of two or more of these methods.

2.3 Related studies

The performance of piled raft foundation is affected by many factors. These factors occur as
result of soil, pile and raft characteristics. Many researchers have examined the performance
of piled rafts considering the effects of soil type, pile dimensions and configurations, and raft
dimensions on its load sharing and load settlement behaviour. From literature, the most
parameters that affect the Load sharing and settlement behaviour of piled rafts are relative
stiffness among the foundation components. The relative stiffness of the foundation also
depends on stiffness of the soil, dimension and configuration of the foundation components.

Therefore some of the previous works that are related to this study are reviewed as follows.

The effect of various parameters related to pile and raft on the normalized settlement of piled
raft adopting two dimensional plane strain model has studied by (Prakoso 2001) (Figure 2.6).
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Figure 2.6 Plane Strain idealization of piled raft (Prakoso 2001).
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The modulus of pile wall was computed from the term equivalent modulus which was a
function of number of piles, width or diameter of the pile and soil modulus. The study
concluded that the ratio between the width of the raft and the length of the pile played an
important role on settlement behavior of piled raft. The piled raft with ratio equal to unity
was very effective in reducing overall settlement, where as a ratio 0.5 was very effective in
minimizing the differential settlement. Further it was concluded that a pile to raft area ratio of
5% to 6% was adequate to reduce the overall settlement. The results were mostly in the form
of non-dimensional parameters. While the contribution was very useful as a parametric study,
it has only a very limited application. The procedure would be ideal for a single group of
large number of piles, in a row (Prakoso 2001).

An experimental study was carried out by (Giretti 2009) to understand load sharing
mechanism of piled raft foundation and he found that the load sharing mechanism between
piles and raft is depend on pile — subsoil stiffness. According to his finding, at initial stage the
applied load is taken by the piles since piles are stiffer than soil, then when the piles reached

their ultimate load capacity the excess load is carried by the raft.

A three dimension finite element analysis has performed by (Sinha 2013) on sand to
investigate load sharing behaviour between the piles and raft and he concludes that soil

property, raft geometry and pile geometry (diameter, length, spacing of piles ) are some of the
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parameters that affect load sharing behaviour of piled raft foundation. Piles take more loads
at small spacing and raft take more load at large spacing of piles but pile spacing greater than

7D is ineffective.

A finite element analysis of piled raft foundation in sand under vertical load have been
carried out by (Omeman 2013) to study the load sharing behaviour between raft and piles by
considering different configuration of piles beneath the raft and he suggest that the load
sharing mechanism between piles and raft in piled raft foundation is depend on the ratio
stiffness of the pile group to stiffness of the raft. In addition to this, settlement of the
foundations plays an important role in distributing the load between the foundations elements
(e.g. raft and the piles). For example, the load carried by the raft can increase with the
increase in the settlement of any particular piled-raft system. Therefore, predicting the
settlement of piled-raft foundations is the first step to determine the load sharing between the

piles and the raft.

A series of 2D numerical analyses piled raft foundation have been performed by
(Ningombam 2013). The effects of raft thickness, soil modulus and pile spacing on load
sharing of piled rafts were studied through this numerical study. The result reveals that the
percentage of load shared by the raft increases with increasing pile spacing and soil modulus
and decreasing with increasing raft thickness The thinner the raft the more deflect that
increase contact between raft and soil which increases the load shared by the raft. In soft soil,
whatever load comes to the raft is taking care by the pile through skin friction and
alternatively, if the soil is hard soil, whatever load comes to the raft is taking care by the
underneath raft soil.

A parametric study have been carried out by (Sinha 2013) on the performance of piled raft
considering different parameters using finite element method. The result reveals that raft
settlement increases with the increase in pile spacing and decreases with the increase in the
pile size and length whereas the settlement of the raft decreases with the increase of the angle
of shearing resistance and the cohesion of the soil. For pile spacing greater than 6 times the

pile size, the system tends to function as a raft foundation

A number of case studies have been carried out by (Khalid 2016) to investigate the effect of
piled raft area ratio on load sharing mechanism of piled raft foundation using finite element

method. The author concludes that the ratio of total piles area to raft area has important
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influence on load sharing of piled raft component. The piles load sharing varies from (15%)
at piles-raft ratio of about (1 %) corresponding to pile spacing of (7D) to (42%) at piles/raft
ratio equals to (7%) corresponding to a closely pile spacing of (3D) which means that the
piles are taking more loading share and there is a tendency to behave as a mere piled system
as the spacing between piles is reduced.

A detailed 3D analysis on piled raft foundation have been conducted by (Aluniam 2013) to
examine the effect of raft flexibility, width of raft and diameter of piles on load sharing
behaviour of piles and raft using finite element method. The result showed that the
percentage of load shared by the piles increase as pile diameter increase and decreases as raft
width increase. But raft flexibility has significantly affected the load shared by piles and raft.
Flexibility of raft is depending on raft thickness and pile spacing. The variation in load
carried by the pile is noticeable at S/D=4; the load carried by the piles is about 35% and 45%
for raft thickness, t= 0.3 m and t= 2 m, respectively. The raft flexibility, K= 0.2 and 8.73 for
these two cases.

On the other hand, Ks = 0.29 and 0.02 if the spacing is S/D=10 for the same raft thickness
values. Due to the narrow range of K; for the large spacing case, the variation in percentage
of load carried by the piles is insignificant, and it is approximately 25%. Therefore, from this
result one may notice that piles spacing have a great influence on load sharing behaviour of
piled raft foundation.

A parametric study has been carried out by (Der-Guey 2016) on the load sharing behaviour of
piled raft considering different parameters using finite different method. The parametric
study results show that the load- carrying ratio of the raft depends on the number of piles of
the pile group and the level of loading applied to the piled-raft foundation (the raft may carry
15% to 70% of the total applied load to piled raft).The load carried by the raft increasing

when the loading to piled raft increases and the number of piles decreases.

AAIT Page 21



INVESTIGATING THE LOAD SHARING BEHAVIOUR OF PILED RAFT WITH PILE TIPS ON
HARD STRATA USING FINITE ELEMENT METHOD

CHAPTER THREE
SITE CHARACTERISATION AND SOIL PROPERTIES

3.1 General description of the case study

The New Headquarter Building Commercial Bank of Ethiopia (CBE) project is located in
central Addis Ababa, Kirkos sub city, around the national theatre. The building complex
consists of mainly office buildings, including 1 tower building of 46 floors, 2 podiums of 5
floors (business centre and conference centre) and 1 underground parking. The height of the
tower is 186.4 m. Foundation of the main building (tower) is composed of pile groups
connected together with raft slab. The foundation is founded at the depth of 21 m under the
ground surface. The estimated load on the foundation is 960 MN.

The foundation system consists of 46 bored piles connected together with a raft thickness of
3m. Length of the bored piles is ranged from 5 to 10 m with two different pile diameters. 12
piles have a diameter of D = 1.8 m and 34 piles have a diameter D = 2.2 m. The load coming
from superstructure is transferred to raft through columns (16 in number) and shear wall.
Location of these columns is along the periphery of the raft and they coincided with the
peripheral bored piles, whereas the shear wall is located around the centre of the raft.
Location of the site and geometry of the raft with the configuration of 46 piles and the shear

wall is shown in Figure 3.1.

Shear wall
3D view of the building Foundation layout of the main tower

Figure 3.1: Layout of the main tower foundation
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3.1.2 Geological conditions of the site

Subsurface profile of the site and the engineering properties of the soil strata are investigated

by Construction Design Share Company. The company carried out Core drilling of ten (10)

boreholes with a maximum drilling depth of 90m along with in situ and laboratory tests. The

following geological layers have been identified by the company.

Table 3.1 Description of soil layers

Soil layers | Description

A Loose to medium dense, poorly grade fill material it is mainly composed of
various proportion of demolished material (concrete, brick), sand silt and clay.

B Soft, dark brown to grey , organic, silty clay
Medium dense, yellowish brown silty sand

D Weak, grey, highly weathered Basalt. Occasionally, fresh or discoloured rock
is present

E Medium strong, grey, intensively fractured and fragmented, slightly to
moderately weathered Basalt. Fractured surfaces are rough and yellowish
stained. Joints are nearly horizontal and partially filled with altered material.

F Very weak, pinkish to grownish, highly to completely weathered scoiraceous
basalt. It is localy decomposed into silty clay. This layer is considered as an
aquifer

F’ Weak to very weak, pinkish grey, highly to completely weathered scoiraceous
basalt. It is often mixed with dark grey swelling silty clay( Fault Gourge).

G Strong, grey, slightly fractured, fresh to faintly weathered Basalt. Fracture
surfaces are slightly rough, mostly sub vertical to vertical and often filled with
secondary material(Calcite)

H Medium strong, light grey, moderately fractured, slightly, weathered trachy
Basalt

I Stiff, dark to light grey , swelling clayey SILT(Altered Ash)

R Medium dense, brick red, sandy clayey SILT with some gravel
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3.1.1 Location of ground water table

In all bore holes, the ground water level has been found averagely 5.5 m below the natural
ground level. Since the foundation is located 21 m below the ground surface, submerged unit
weight of the soil (y”) was used in the analysis.

The subsurface profile from Borehole numbers (BH6, BH7 and BH8) are used to determine
the design parameters for the foundation since the foundation of the main tower is at the
location of these boreholes. The soil layers below the foundation of main tower are simplified
from Borehole numbers (BH6, BH7 and BH8) as shown in Figure 3.2. Detail information of

the subsurface profile of these boreholes is attached in appendix.

T e ]

22

Layer 2 Completely weathered scoriaceous basalt mixed with swelling clay silt
30

Layer3 Medium strong basalt rock

38

Layer 4 Swelling clayey silt{Altered Ash)
43

Layer 5 Completely weathered scoriaceous basalt mixed with swelling clay silt
47

L 6 Medium strong basalt rock

Figure 3.2: Soil profile below the foundation level

As shown in Figure 3.2 there are seven layers of soil strata below the foundation of the main
tower level (bottom surface of the raft) .The soil layers above the foundation level is removed
for the construction 4 basement floors. At the foundation level there is a thin layer of sandy
clayey silt with a thickness of 1 m. The next layer is completely weathered basalt mixed with
swelling clay. This layer is located from 22 m to 30 m and from 43 m to 47 m. The
completely weathered basalt mixed with swelling clay silt is underlain by a layer of medium
strong basalt similarly this layer is found from 30 m to 38 m and from 47 m to 54 m. Under
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the medium strong basalt layer, a weak strata (swelling clayey silt or altered ash) is
encountered with the thickness of about 5 m. The last layer is strong basalt which is extended

below the medium strong layer.

3.2 Determination of basic soil parameter for the numerical model
Almost all of the soil parameters used for the analysis of the foundation is obtained from
geotechnical reports; however some necessary data are not included in the investigation
report.
Therefore the parameters which could not be obtained directly from the laboratory tests,
have been indirectly derived by using empirical correlations based on the recommendations
of different literature, international geotechnical codes and standards. The data used for this
study can be categorized in the following group;

1) Stiffness parameters; modulus of elasticity (Es )and Poisson’s ratio (v)

2) Shear strength parameters; angle of internal friction(¢) and soil cohesion(c)

3) Unit weight or density of the soil(y)

4) Consolidation parameters
1) Stiffness parameters
a) Stiffness Modulus (ES)
The stiffness modulus Es is a basic parameter that describes the load-settlement behaviour of
soils and governs the results of settlement related problems.
Several methods are available for estimating the stiffness modulus of a soil as described by
(Bowles 1996). Unconfined compression tests, tri-axial compression tests and in situ tests are
among the test methods. The geotechnical investigation report has included stiffness modulus
of values for the different layers but some of them are not conducted. The elastic modulus of
three layers; red sandy clayey silt (Layer 1), swelling clayey silt (layer4) and completely
weathered rack (layer 2&5) were not given in the soil investigation report. Therefore, elastic
moduli of layers (1& 2) have been determined using German code (Eq.3.1) (DIN4094-1
2002). Elastic modulus of the completely weathered rock (layer 2&5) is taken from literature
recommendations given by (Gu 2008). After the modulus elasticity (Es) is determined from
correlation then, it is converted to E using (Eq.3.2) which is used as input value in ABAQUS
software. The result is summarized in Table 3.2.
Using code provisions: German code (DIN 4094-1(2002) and DIN 4094-2)
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0.5Ac, )
ES:#Pa(Gz+ S O'zj (3.1
Pa

Where: 1 = stiffness coefficient depends on value of N- SPT
w = stiffness exponent depends on soil type
o, = overburden pressure at a depth z below the foundation level

/A o, = additional vertical stress due to load from the superstructure at a depth z

P, = atmospheric pressure taken as 101.4 kN/m? according to Hayward and

Oguntoyinbo (1987)
_ 1-v— 2V2 3.2
E = Es[—l_v ] (3:2)

b) Poisson’s Ratio, v
Poisson’s ratio is property of materials that describes volume change of the material in a
direction perpendicular to application of a load. It is defined as the ratio of the lateral
expansion to the axial compression of soils. [36] (Bowles 1996) recommend a range of values
of Poison’s ratio between 0.4 and 0.5 for most clay and 0.2 to 0.4 for medium to dense
cohesion less soil. In this research, the value of poison’s ratio used for the different layers are

given in Table 32.

Table 3.2: Modulus stiffness determination according to German code

Layerl Layer2 | Layer3 | Layer4 | Layer5 | Layer6 | Layer7

SPT(N) 28 44 >50 28 44 >50 >50
Depth to its centre(m) 0.5 5 - 19.5 22 - -
Poison’s ratio(v) 0.3 0.3 0.25 0.3 0.3 0.25 0.25
Stiffness coef.( ) 450 450 450 450 - -
Exponent coef.(w) 0.6 0.6 - 0.6 0.6 - -
Over burden pressure (a,) in

kN/m? 153.5 - - 384.25 | - - -
Additional vertical stress (Ag,)

in kN/m? 990 - - 710 - - -
Stiffness modulus(Es) in MN/m?® | 138.92 - - 150.28 | - - -

Young’s modulus (E) in MN/m? 121.061 | 400 1000 130.95 | 400 1000 1500

Layerl[ Red sandy clayey silt], Layer 3&6 [Medium strong rock basalt], Layer 7 [ Strong rock basal],
Layer 2&5[Completely weathered basalt mixed with swelling clayey silt], Layer 4 [Swelling clayey silt or
Altered Ash
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2. Shear Strength Parameters
Shear strength parameters, namely, angle of internal friction (@) and cohesion (¢’) are taken
from literature recommendation given by (Braiud 2013). The shear parameters of the selling
clayey silt was taken for layers 2 and 5 (completely weathered basalt mixing with swelling
clayey silt), by assuming the worst case layer

3. Unit weight or density of the soil
The Soil density is another soil property that the software takes as in put data. Therefore the

total unit weight of all layers was taken from the investigation report and given in Table3.3.

Table3.3: Shear strength parameters of the soil

Frictional Cohesion Total unit weight
angle
Sym. o[°] c[kN/m?] [KN/m]

Red sandy clayey silt[layerl] 27 25 17
Completely weathered basalt mixed with swelling | 42.8 25 22
clayey sit [Layer 2]

Medium strong rock basalt [Layer 3] 45 5000 24
Swelling clayey silt( Altered Ash) [Layer 4 ] 27 25 17.7
Completely weathered basalt mixed with swelling | 42.8 25 22
clayey silt [Layer 5]

Medium strong rock basalt [Layer 6] 45 5000 24
Strong rock basalt [Layer 7] 45 5000 28

4. Consolidation parameter
Consolidation parameters that required for this study are compression index (C.) and swelling
index (C;) since these parameters are required to determine cap hardening in cap plasticity
constitutive model. The soil properties of some layers were not included in the soil
investigation report made by CDSC. Therefore their properties (C. and C,) were determined
using empirical correlations. There are different correlation methods are available in literature
for determining these parameters. C is related with liquid limit (LL) by (Arora 1987). The
value of C; and C; are also given in range. In this study these parameters are taken from the

range of specified by (Budhu 2011). These values are given in Table 3.4 shown below.
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Table 3.4: Consolidation parameters of the soil

Compression Swelling index(C,)
Soil strata index(Cy)
Red sandy clayey silt(layerl) 0.2 0.028
Completely weathered scoraceous basalt. It is localy decomposed | 0.15 0.022
into silty clay (Layer 2 and 5)
Medium strong basalt rock(Layer 3 and 6) 0.1 0.015
Swelling clayey SILT or Altered Ash( Layer 4) 0.2 0.03
Strong basalt rock(Layer 7) 0.1 0.015
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CHAPTER FOUR
PRELIMINARY DESIGN OF PILED RAFT USING SIMPLIFIED METHOD

4.1 Introduction
Prior to the detailed geotechnical design, a feasibility assessment is necessary by considering
various foundation schemes. This is to investigate the adequacy of the raft alone, both in
regard to ultimate bearing capacity and settlement. If the raft alone is not adequate, the
number of piles required below it which satisfy the design requirements will be determined
using simplified method.
A geotechnical assessment was carried out for the following foundation schemes:

» A raft alone, without piles;

> A raft with 15 piles;

> A raft with 30 piles;

> A raft with 45 piles

> A raft with 60 piles
For the purposes of the preliminary assessment, the piles were assumed to be 2m diameter
and extending to the medium strong basalt with an average length of about 8m. The raft was

converted approximately to a rectangular plate 30m by 46m in plan, and 3m in thickness.

The raft capacity is estimated using EBCS-7 and it can carry a maximum pressure of
2.16MPa.This indicate that the total superstructure load can be carried by the raft alone with
average of settlement of 6.86 cm. The capacity of single pile is determined using o method
for its shaft and its end resistance is taken from compressive test result. This gives a total
capacity of 11.54MN.

Settlement and load sharing between the piles and the raft is also investigated using the
stiffness of the piled raft, raft and piles. The result shows that the raft can carry 24.11% and
14.37% of the total load for 15 and 60 numbers of piles respectively.
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4.2 Assessment for bearing capacity of the raft and piles
a) Raft bearing capacity

The adequacy of the raft alone in terms of bearing capacity and settlement should be

investigated first before adapting piled raft system. As mentioned above, the actual geometry

of the raft is simplified to an equivalent rectangle (30m by 46m). The soil profile and the

location of the raft and piles are given in Figure 4.1 below.

{; = Surcharge load load

'Q = Total superstructure
[J I I I3 I3l dl

Completely Weathered Scoriaceous
Basalt Mixed with swelling Clayey Silt

Q= Surcharge load
JIII I 3T 333

Layer 3 Medium Strong Rock (Basalt)

Layer 4 Swelling Clayey Silt (Altered Ash)

Z (m)

29

38

Layer 5 Completely Weathered Scoriaceous Basalt Mixed with swelling Clayey Silt

Layer 6 Medium Strong Rock (Basalt)

Figure 4.1: The elements foundation with Soil profile

43

47

54

80

The ultimate capacity of the raft alone can be determined using EBCS-7(Eq.4.1) in case of

drained condition (long term).

0, =¢N.S.*a'N.S,+05'N,s,r,

Where: N, = e""tan’ 45+ %)
N.=(N,-Dcote
N,=(N,-Dtane

S.=1+0.2(B'/L")

(4.1)
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Sq =1+ (B'/L")sing
Sy =1-0.3(B'/L")
ryzO.?B'

Taking the soil parameter from Table 4.1 and substituting in to (Eg. 4.1), the ultimate bearing
capacity of the raft (qut) becomes: qu; = 6MPa.

Taking a factor of safety of 3 the allowable bearing capacity (g.) is 2 MPa. Since the
basement is not backfilled the allowable bearing capacity is increased by the effective stress

that is removed from the foundation level.

O

qa = s +q'; Where: (g'= y'h , h=foundation depth and y'=effective unit weight)

q'=y'h=(177-9.8)*21=166
(], = 2+0.166 = 2.166 MPa

Multiplying this stress (qa) by area of the raft gives 3024MN. The total superstructure load on
the foundation including the raft weight is 1426 GN. The capacity of the raft is much greater
than the given super structural load. Therefore the raft can carry double as much load. It can

be said that bearing capacity failure may not occur on this building.

Table 4.1: Summary of soil parameters used for simplified design method

Layerl | Layer2 | Layer3 | Layer4 | Layer5 | Layer6 | Layer7
Total unit weight (y;) in kN/m’ 17 22 14 17.7 22 24 28
Cohesion ( ¢) in kN/m? 25 25 5000 25 5000 5000 5000
Poison’s ratio(v) 0.35 0.3 0.25 0.35 0.3 0.25 0.25
Internal frictional angle ,¢ (°) 27 42.8 45 27 42.8 45 45
Young’s modulus (E) in MN/m? 121.06 | 400 1000 130.95 | 400 1000 1500
Compressive strength, g, (MN/m?) | - 0.8 24 - 0.8 24 24

Layerl[ Red sandy clayey silt], Layer 3&6 [Medium strong rock basalt], Layer 7 [ Strong rock basal], Layer
2&5[Completely weathered basalt mixed with swelling clayey silt], Layer 4 [Swelling clayey silt or Altered
Ash ]
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b) Bearing capacity of a single pile

The ultimate capacity of pile is derived from both its side and tip resistance. The side or shaft

resistance of the pile is calculated using the method, whereas the tip resistance is taken from
the compressive strength test result of the investigation report.

1) Skin frictional resistance using oo method(Qs):

Q-=2AT, (4.2)

Where: fs = actgktand,
A = effective pile surface area
¢ = average soil cohesion = 30kpa
g = effective vertical stress on the element
o = adhesion factor = 0.55
k = coefficient of lateral earth pressure = 1-sin¢ = 0.5
o = effective frictional angle between soil and pile material = 0.7¢
¢ = angle internal friction of the soil = 37°
Qs = (3.14*2*10)*[(0.55*30) + ((166+(17.7-9.8)*10/2)*0.5*0.48)
= (62.83)*[16.5+167.73]
=12.06MN
Taking factor of safety (FS = 3)

Qs Allowable = 12.06/3 =4 MN

2) End bearing
Qpr=Ap(
Where: A, = Cross sectional Area of the pile

g = compressive strength of the medium strong basalt layer (q =q.i/10 = 2.4 Mpa)
Qp = (3.14*2%/4)*2.4
= 7.536MN
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Allowable total bearing capacity of the pile (Qr) is the summation of shaft resistance and end

bearing resistance
Qr =4+7.536
=11.54MN

4.3 Assessment for average settlement of piled raft
a) Stiffness of the piled raft

For assessment of load - settlement behaviour of the foundation an approximate analysis of
the piled raft was used as described by (H. Poulos 2002). This method uses the equations
developed by Randolph (1994) to compute the stiffness of a piled raft, in terms of the raft and
pile group stiffness values, and also the load sharing between the raft and the piles. A tri-

linear load-settlement curve is derived from this process.

the pile group stiffness (K,y) was estimated first by computing single pile stiffness from
approximate solutions of [5], then multiplying this stiffness by group efficiency(R= n'*®),
where n = the number of piles, e = efficiency exponent, typically in the range 0.2-0.6, but
varying with spacing. The efficiency component e can be calculated using (Eq.4.3). The
correction factors (c;, Co, C3, C4) are determined using design charts given by (Fleming et.al
1992). The design charts given by (Fleming 1992) are included in Appendix C.

L E s
The single pile stiffness is calculated using (Eq.4.4) and gives 4.75 GPa. The total pile group

stiffness is determined as shown in Table 4.2.

4n +215tanhy|_p
-vé ¢ a ulL,
+i 4n Et(slnh,u'_p
7l (l-v)¢E a ,u|_p

Kp :Gs ro (44)

Where: (5,= soil shear modulus at the depth |_p, |_p= pile length, = pile radius,
n=r,/'r, r,= pileradius at its base {=G,/G,, (5, = shear modulus of the soil below

the pile base, p=(5,,,/G= medium shear modulus at the soil layer around the pile,
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A=E /G, = pile—stiffness ratio, | = elastic modulus of pile material, ¢ = In(rm/ r,

r.= |_p {0.25+ f[2.5p(L-0) - 0.25]}: maximum radius of influence, x| = % é :
0
Table 4.2: Single and group pile stiffness.
SN. | Number | Average Singe pile Efficiency Group Group pile
of piles | Spacing stiffness, component e efficiency stiffness

(m) K,(GN/m) R=n"® Kpo(GN/m)

1 15 11 5.48 0.488 1500989 = ¢ 19

2 30 7.7 5.48 0.533 15099 =489 | 23.25

3 45 6.3 5.48 0.561 150950 =532 [ 25.26

4 60 5.4 5.48 0.589 1509 =538 | 25.56

In order to determine the value of the raft stiffness Kr, first the equivalent soil Modulus and
Poisson’s ratio is determined by approximate graphical design method given by (Fraser
1976). By weighting the elastic parameters of each layer in a multi-layered system according
to its influence on settlement an ‘equivalent’ modulus and Poisson’s ratio can be determined
for the overall system. This is by assuming that the summation of total settlement of n-
layered soil is equated with the settlement of an equivalent single homogeneous layer. The 7
layers (Fig 3.0) are converted to single layer using this approach and gives an equivalent soil
modulus of, Es = 0.3MPa.The Detail procedures for converting the 7 layers into single a
homogenous layer are included in Appendix C. on the other hand, the stiffness of the raft is
determined using (Eq.3.3a) and yields Kr = 12.91Gpa. The detail calculation of the method is
included in Appendix C.

E.d

> (3.33)
1-v I F I E

Kr:

Where: K.= Raft stiffness,

d = equivalent diameter of the raft,
v = Poisson’s ratio of the soil

E.= Equivalent elastic modulus of soil,
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E.= Elastic modulus of the raft,

t = thickness of the raft,
Ze = depth of the foundation,
Ir = correction factor for rigidity,

I = correction factor for embedment

|.=1- ! (3.3b)
35exp(1.22v — o.4){zOI ' 1.6}

e

=2+ 1 (3.3c)
4 466+10%K,

2t\
K. =%* 4 (3.3d)

Once have the stiffness of the pile group and the raft are determine, the overall stiffness (

) of the piled raft and the load sharing ratio (X and ) between the raft and piles can
K pr apr

be established. The value of Kpr and X are calculated using (Eqg.3.4 and 3.5) respectively.

The load sharing ratio between the raft and piles are given Table 3.2.

1—0.6(:2'

K, = —Kp K, (3.4)
1-0.6(1r
Ko

P._ 02 K._ (3.5)

Pt ) 1_0_8(&) K p
K

p

Where: K o K ) and K, are stiffness of piled raft, single pile and raft respectively
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Table 4.3: Piled raft stiffness and load sharing ratio between raft and pile.

SN. | No. | Group pile stiffness Raft stiffness Piled raft stiffness Load carried Load carried by the

of by the raft (X) piles
_ K og (GN/m) K., (GNm K o (GN/m) _
piles in % _

(apr =100% - X)
1 15 19 12.91 19.77 24.11 75.89
2 30 23.25 12.91 23.95 16.74 83.26
3 45 25.26 12.91 25.93 14.64 85.36
4 60 25.56 12.91 26.22 14.37 85.63

b) Load settlement curve

The overall piled raft stiffness (Kpr) and the load sharing ratio (apr) by piles that are

determined in Table 4.3 are key parameters for developing the tri-linear load-settlement curve
of the piled raft foundation. This tri-linear load settlement curve has been determined using
(Eq.3.6b and 3.6c¢).

Let p_ be the ultimate load capacity of the pile group and Ay~ load sharing ratio by the

pile group, the load carried by the pile group ( pA) can be determine by (Eq.3b).

PA — (3.68.)

If the total applied load on the foundation is less than or equals to pA(Eq. 3.6a), the
settlement of the piled raft is governed by the stiffness of the piled raft (Kpr) and it is

estimated using (Eq.3.6b). If the total applied load is greater than P, the settlement is
governed by the raft stiffness and it is determined using (Eq.3.6¢).The average settlement the
piled raft is estimated for various loads (up to nearly two times of the actual load) as shown in
Table 3.3 and one can be observe from the result the raft settlement 6.86 cm is decreased to

3.65 cm by adding 60 piles below it for the actual load of the foundation.

ForP<pP,, S=—— (3.6 b)

pr

P_PA
ForP>P,, S=§,+ K (3.6¢)

r
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S - P (3.6 d)
Ko

Table 4.4: Average settlement of piled raft with different number of piles

Number of piles below the raft 0 15 30 45 60
Average settlement (cm) at (P = 100MN) 0.86 0.505 | 0.417 0.386 0.381
Average settlement (cm) at (P = 200MN) 1.71 1.11 0.835 0.771 0.763
Average settlement (cm) at (P = 400MN) 3.43 2.63 1.67 1.54 1.52
Average settlement (cm) at (P = 600MN) 5.14 4.34 3.31 2.31 2.22
Average settlement (cm) at (P = 900MN) 6.86 6.26 5.23 4.6 3.65
Average settlement (cm) at (P = 1200MN) 10.29 | 9.49 8.46 7.42 6.44
Average settlement (cm) at (P = 1500MN) 1286 | 12.06 | 11.03 9.99 09.015

The load settlement curve of the piled raft system is shown in Figure 4.2 and this curve

reveals that in the first stage of the curve (the first linear relationship between load

settlements) the total settlement is governed by the pile group and raft, then in the second

stage of the curve the piled raft is governed by the raft alone and it settles continuously after

the ultimate capacity of the raft and piles is reached.
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Figure 4.2: Load settlement relation of piled raft for preliminary designed.
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CHAPTER FIVE

FINITE ELEMENT MODELLING AND ANALYSIS OF THE PILED RAFT
FOUNDATION

5.1 Introduction

With the rapid development of computers, the application of numerical methods for solving
geotechnical problems is becoming more recognized by both geotechnical researchers and
other engineers. Numerical models allow for multiple simulations to be explored, and they
also allow researchers to gain a better understanding of the mechanisms involved.

Finite element method is a common tool used for advanced numerical modelling within
various fields of engineering. It is also the most powerful tool among the other method of
numerical analysis: For the same reason, the finite element method was selected in this thesis
to predict the load — settlement relationship and load sharing behaviour between piles and raft
in piled raft foundations. The finite element software ABAQUS was used to simulate the
interaction between the pile, raft and soil. It is a multi — purpose computer package that
allows user to investigate mechanical, structural, and geotechnical problems under static and
dynamic loadings. The package has the capability to model complex interaction between
different bodies and to account the initial stress states of the material.

In this chapter the procedures in finite element methods required for modelling piled raft
foundations are included.The diffent constitutive soil and concrete relationships used for the
study are also included. In the last section of the chapter, validation of the model is carried

out and its result is compared with other methods available in the literature.

5.2 Formulation of Finite Element Method (FEM)

The first step in FEM analysis is to define the problem domain, which usually includes all the
materials enclosed by a set of restraints or boundary conditions. The problem domain can be
broken (discretized) into a series of continuum elements to form a mesh. The elements in the
problem domain are connected together by nodes that transfer forces and displacements
between elements. The force applied on the element is represented by a load vector act of the
forces that at the nodes.
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."// - \,/’— Problem area
T 1 ‘k' Element mesh
- |

[ Node

'/ (connecting elements)

} Individual element

Figure 5.1: Typical mesh problem domain for FEM (Kate 2005)

Once the problem domain is defined and the element type is chosen, then individual element
matrices can be formed. The individual elements have an element property matrix, a vector of
unknown degree of freedom, and a resultant vector of element nodal forces. This relationship
for static loading is described in the simple form of
[k} ={f} (5.1)
Where: |k| = element property matrix, commonly stiffness or general property matrix

{d} = vector of unknown degree of freedom (nodal displacement)

{f} = vector of element nodal forces
The element functions are gathered in the global equation system containing material and
geometric data. The unknown nodal displacement is solved from the global equation system
and the values between the nodes are determined either by linear or polynomial approximated
shape (or interpolation) functions.
The accuracy of a finite element analysis result depends on the element type, mesh size,
boundary conditions, interface elements and constitutive models employed. Therefore, proper
selection of these parameters is required for accurate results. Some of the parameters used for
this study are reviewed as follows.
5.2.1 Element type
Different element types are available in ABAQUS software (i.e., beam, shell, and solid
elements) which are implemented based on the nature of projects. The most commonly used
in 3D analysis are tetrahedral or hexahedral continuum elements (Vakili 2015). These have
been found very successful in predicting the behaviour of piled raft foundations. For each
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type of elements, there are normally linear or quadratic elements with full or reduced
integration. In general, quadratic elements are more accurate than linear elements but more
expensive in calculations if the same mesh is used. Linear hexahedral elements with reduced
integration (C3D8R) in ABAQUS can be used in large scale and complex analyses, on the
balance of accuracy and efficiency (Sinha 2013). However, higher order elements are
recommended for more accurate purposes when computational resource is not a problem.
Due to lack of high processor computer resource, linear hexahedral elements with reduced
integration (C3D8R) were used in this study to model the different layers of soil and linear
wedge elements with reduced integration (C3D8R) for the soil around the piles and for the

piles and raft themselves as well.
5.2.2 Boundary conditions

The boundaries of the soil in the model must be constrained in the vertical and lateral
directions where the displacement of the soil due to the foundation load is negligible. In order
to minimize the boundary effects in the model many authors suggested different locations of
these boundaries. The horizontal length extent of 30D (30 times of the pile diameter) and
vertical depth extent of 2L (two times the pile length) is sufficient after which no appreciable

stress and strain variation effect was observed (Sinha 2013).

Therefore, boundaries of the model were placed at sufficient distances from the foundation so
that the influence of the boundaries on the deformations of the foundation is minimized. The
horizontal boundaries are constrained by the location of shoring walls (which retain the
excavated depth) when the wall location is greater than (30D) and at 30D when the wall is
nearer than 30D. The vertical boundary is fixed at depth of 5L(5 times of the pile length)
from the bottom of raft. Three separate boundary conditions were imposed onto the model.
Due to symmetry, the problem is reduced to half of its original size. Nodes on both lateral
boundaries of the model are fixed against horizontal movement (ux = 0 and uy = 0), yet free to
move in the vertical direction. Meanwhile, nodes on the bottom boundary of the model are
fixed against all directions (ux =uy = u, = 0), whereas the top boundary is free to move in all
directions. Nodes on the plane of symmetry are restrained from moving normal to plane of

symmetry, but can move along the plane of symmetry as shown in Figure 5.2.
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Figure 5.2: Boundary conditions
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As mentioned above, in the finite element calculations, the model has to be divided into

elements which compose the “finite element mesh”. The finite element mesh size will

possibly influence the results. To investigate the influence of number of elements or mesh

coarseness on the bearing behaviour of pile raft foundation, five different finite element

meshes were performed. These were done by varying their number and sizes keeping material

properties and all other parameters constant. The generated number of elements and the total

maximum settlement in the foundation is given in Table 5.1.

Table 5.1: Influence of mesh size on maximum Total settlement

Mesh Number of Maximum settlement | Time required
Model Coarseness elements u, (mm) to complete
Model 1 | Coarse mesh 45516 76.35 8 minutes
Model 2 | Coarse mesh 54015 77.81 10 minutes
Model 3 | Medium mesh 74391 80.65 15 minutes
Model 4 | Medium mesh 84432 81.23 20 minutes
Model 5 Fine mesh 150257 81.48 365 minutes
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Figure 5.3: Shows the influence of mesh density on the total settlement of the building. As we
see from this figure maximum settlement is increases with increases number of element till
the number of element reach 84432, after that an increasing in number of elements has no
significant effect on the maximum settlement of the building. It can be said that mesh is
converged with 84432 elements because there is no significant change in deformation when
the number of elements increased to 150257. Therefore model4 (medium mesh) was used to

investigate the general behaviour of the piled raft foundation.
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Figure 5.3: Influence of mesh density on maximum settlement of the building

5.2.4 Contact interface

When we model foundations, the contact condition between the soil and the structures must
be specified so as to simulate its realistic behaviour. The soil structure interaction is the main
driving factor of the load sharing mechanism that requires proper modelling to achieve
accurate numerical results (Vakili 2015). There are two types of modelling techniques used
for the pile — soil and raft - soil interfaces. One is a slip element and the other is thin layer
element. Advanced finite element code such as ABAQUS has a special contact element (slip
element) that may be used at the soil structure interface. Due to its simplicity slip element is
preferred by (Lee 2010) and (Taghavi 2016). Unfortunately this contact element is costly in

terms of time and computer memory. It has also some convergence problem. Alternatively,
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thin solid continuum element was used to simulate the contact zone between soil and raft, and
between soil and the large-diameter bored instead of special interface elements. In thin layer
element method, the contact between structure and soil was described as perfectly rough.
This means that no relative motion takes place between the nodes of the finite elements that
represent the structure and those of the finite elements that represent the layer of soil. The
material behaviour in the contact area (the thin element) was simulated by the material
behaviour of the soil. (Reul and Rondoph 2004) use thin-layer element at the pile—soil
interface and obtaining a good agreement between the results of pile shaft resistance
predicted by bearing capacity theory and the results calculated by numerical analyses.
Therefore, thin solid Continuum elements of thickness 0.1D (D = Pile diameter) at the pile-
soil interface and a thickness of 0.1H (H = Raft thickness) at raft - soil interface have been

used in this study as recommended by (Reul and Rondoph 2004).

/

2 /|

Figure 5.4: Application of thin layer element at the interface between soil and structure taken
from [10]

5.2.5 Loading

The present study focuses on behaviour of piled raft foundation system under vertical loads.
The load configuration is one of the crucial parameters that affect the failure mechanism of
the foundation. The superstructure load transferred through the shear walls (core walls) and
columns, acting on the top of the raft. Any load in ABAQUS, whether it is self-weight or
external applied load, is applied in incremental time step. The following steps are used for
applying boundary conditions and different type of loading conditions. There are six steps in
this model, these are
1. initial step

2. primary load step
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excavation step

3

4. pile installation step

5. raft installation step and
6

loading step
1. Initial step (type initial condition)

Initial step is used to apply boundary condition and initial stress state field of the soil. In
analysing most structures, it is appropriate to begin with a complete mesh of stress-free
unreformed elements and subsequently apply the specified loads to obtain the desired stress
state. However, buried structures are exceptional that their response depends on the history of
the loading, i.e. in-situ state of stress in the ground (Julyk 1993). Therefore it is important to
apply initial conditions (pre-defined stress) before applying any external loads. In defining
the stress field, vertical stress at two points should be defined and the variation between those
two points is considered linear (Thanuja 2014). Here, vertical stress at a point (¢',) is
determined by considering the number of soil layers that lie above the point considered (n)

and given by:

GVZZin:l(pg hi_u) (5.2)
Where: o, = effective vertical stress
p = density of soil

g = gravity

hi = thickness of the soil(i" layer)
u = pore water pressure

n = number of soil layer

For the given effective vertical stress field there is corresponding effective horizontal stress
and this can be determined by multiplying the effective vertical stress with effective earth

coefficient (K,). K, can be approximated by K, = 1-sing.
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2. Primary load step (type Geostatic)

Geostatic stress field procedure is used in ABAQUS to verify that the initial geostatic stress
field is in equilibrium with gravity loads and boundary conditions, or to iterate if necessary,
to obtain equilibrium condition. The geostatic stress field procedure is normally used as the
first step of a geotechnical analysis. In this step all the structural elements, such as the raft
and the piles are removed or deactivated and gravity load is applied only to the soil. Ideally,
the gravity loads and initial stresses should exactly equilibrate and produce zero

deformations.

3. Excavation step (type static general)

The soil excavation can be modelled by deactivating the corresponding finite elements in the
model. When the elements are deactivated in the analysis, the contribution of mass and
stiffness of that element is removed from the global Mass and Stiffness matrix. The
excavated soil above the foundation level was removed in this step in order to account the
relief pressure. In addition bore holes were created for the piles to be installed by deactivating

all the elements at the pile location as shown in Figure 5.4.

Figure 5.5: Excavation of soil at the locations of piles (enlarged view at pile and raft location)

4. Pile installation step (type static general)

In this step installation of the foundation piles is simulated by activating the piles (previously
deactivated at step 2) in place of finite elements representing the pile which is removed or
deactivated from soil elements in the preceding step (step 3) as shown in Figure 5.5.
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Figure 5.6: Pile installation step (enlarged view at pile and raft location)

5. Raft installation (type static general)
In this step installation of the foundation raft is simulated by activating which is previously

deactivated at step 2 as shown in Figure 5.6.

Figure 5.7: Raft installation step (enlarged view at pile and raft location)

6. Loading step (type static general)

The super structural load is applied on the raft through shear wall and columns. The
application of load on the developed model is carried out using pressure rather than nodal
loads. Nodal loads have a problem of excessive deformation in node of application (Bakroun
2012). So in this model pressure loads chosen for application of the load to avoid excessive
deformation. Another reason for choosing pressure load is to simulate the real loads applied

on the raft from columns and superstructure on the raft as shown in Figure 5.8.

AAIT Page 46



INVESTIGATING THE LOAD SHARING BEHAVIOUR OF PILED RAFT WITH PILE TIPS ON
HARD STRATA USING FINITE ELEMENT METHOD

Pressure load
- (From shear wall)

Pressure load
(From column)

Figure 5.8: Application of the super structural load on the raft (enlarged view at pile and raft

location)

5.3 Constitutive models
5.3.1 General

In material engineering a constitutive law or a constitutive equation describes the relationship
between a material deformation and external loading. Soil Constitutive models are more
complicated than linear elastic models. The result of finite element method is affected by the

choice of constitutive model which represents the material behaviour.

There are many constitutive models in literature used to simulate the soil behaviour such as
the linear elastic model, Mohr-Coulomb model, modified Drucker-Prager/Cap plasticity
models. Since the stress — strain behaviour of soil is non-linear particularly at failure; elastic
perfectly-plastic Cap plasticity model was used to simulate the non-linear stress-strain

behaviour of the soil.

The piles were assumed as non-displacement concrete piles. The raft was considered as a
reinforced concrete slab. The behaviour of the raft and the piles were assumed linear.
Therefore, the linear-elastic model was utilized to simulate the materials behaviour of the
piles and the raft. For the linear-elastic model two main parameters are used, which are the
modulus of elasticity, E, and Poisson’s ratio, x. The following sections will discuss the two
constitutive models used in this study, namely the elastic model for concrete and Drucker -

Prager /Cap plasticity model for soil.

AAIT Page 47



INVESTIGATING THE LOAD SHARING BEHAVIOUR OF PILED RAFT WITH PILE TIPS ON
HARD STRATA USING FINITE ELEMENT METHOD

5.3.2 Elastic material model
The available theory for elasticity was developed and established on the basis of homogenous
and isotropic behaviour of construction material (e.g Steel, iron).Elastic constitutive models

can be linear or nonlinear Figure 5.9.

&  Rebounds along * Rebgunds along
= loading path.

loading path. \l\
Tinear //:ou—]inear

- -
Strain Strain

Stress
Stress

A J

Figure 5.9: Linear and non- linear relation of stress and strain curve (Kate 2005)

Linear elastic constitutive model is probably the most common model used to approximate
the stress — strain relationship of materials. Linear elastic models involve two elastic stiffness
parameters namely Young’s modulus (E) and Poisson’s ratio (v). These two parameters are

used to relate stresses as function of strain in this manner:

E

o {rme a0 e o)) %)
E

o y:{—(1+v)(1_ ZV)}(gy(l—V) (g, +g) (5.3b)

E
o.= {—(1+ N Zv)}(& A-v)+vig, + 8X)) (5.3¢)

Where: olotlo i normal stresses in X,y and z directions respectively and

E&Ey & normal strains in X,y and z directions respectively

The behaviour of soil mass, which is a combination of a number of discrete particles, cannot
be modelled by the pure elastic theory, in reality; the stress-strain behaviour of soil becomes
non-linear, particularly as failure conditions are approached (Sinha 2013). Hence, the
researcher’s represent the soil stress-strain constitutive behaviour by means of elasto-plastic,
models, which are the combination of the elastic and plastic theories.

5.3.3 Modified Drucker - Prager /Cap plasticity model

The modified Drucker — Prager /Cap plasticity model is the modification of Drucker-Prager

plasticity model which was proposed by Drucker and Prager in 1952 for frictional soils only,
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later it has been modified with post- yield strain hardening and compression cap in the yield

surface.

The Drucker—Prager/cap plasticity model has been widely used in finite element analysis
programs for a variety of geotechnical engineering applications. The cap model is appropriate
to soil behaviour because it is capable of considering the effect of stress history, stress path,
dilatancy, and the effect of the intermediate principal stress. The yield surface of the modified
Drucker—Prager/cap plasticity model consists of three parts: a Drucker—Prager shear failure
surface (Fs), an elliptical cap (Fc), which intersects the mean effective stress axis at right
angle, and a smooth transition region between the shear failure surface and the cap (F;) as
shown in Figure 5.10. Volumetric strain hardening is defined by moving the cap along the
hydrostatic axis. The model has two purposes: to bound the yield surface in hydrostatic
compression, thus providing an inelastic hardening mechanism to represent plastic
compaction, and to help control volume dilatancy when the material yields in shear by

providing a softening law created as the material fails on the Drucker-Prager shear failure

surface.
Transition
surface, F, .
t f P -
Shear failure, Fyq i

—— - - --—-—-—Z-——————-— I
I

“\I i o(d+p,tanp)
— e N1
1
1
I Cap, F.

B I d+p,tanp
|
|
1
I 1
1 : l
pa | pb p
R(d+p.tanp)

Figure 5.10: Modified Drucker-Prager/Cap model: yield surfaces in the p-t plane

(Abaqus 6.15 manual)
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a) The Drucker-Prager Yield or Shear Failure Surface

The Drucker-Prage yield surface is a pressure dependent shear failure surface (Fs), which is a
perfectly plastic yield surface (no hardening). Changes of stress inside the yield surfaces
cause elastic deformations, while changes of stress on the yield surfaces cause plastic

deformations. The failure surfaces in (p-t) plane are described by the shear failure surface,
F.=t—Ptanfg-d=0 (5-4)

Where: t = deviatoric stress with a distinction between compression and extension by

t=% 1+%—[1—a r (5.5)
g

4= \/ (01—02)2+(62—03)2+(03—01)2 (50)

P:%(G1+(72+03) (5.7)

q = deviatoric stress (Misses equivalent stress)

d = cohesion in the p-t-plane

P = hydrostatic stress

b = slope of the yield surface FS in the p-t-plane

K = shape parameter of the yield surface Fs determined from tri-axial compression and

extension tests with usual values, 0.778 < K < 1.

b) The Elliptical Cap Yield Surface
The cap yield surface is an ellipse with eccentricity = R in the p-t plane. The cap yield
surface is dependent on the third stress invariant, r, in the deviatoric plane as shown in Figure
5.11. The cap surface hardens (expands) or softens (shrinks) as a function of the volumetric
plastic strain. When the stress state causes yielding on the cap volumetric plastic strain
(compaction) results, which causing the cap to expand (hardening).When the stress state
causes yielding on the Drucker— Prager shear failure surface volumetric plastic dilation

results, causing the cap to shrink (softening). The cap yield surface is given as shown on Eq
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F.= (P_Pa)2+ Rt ~R(d+ P,tan §) =0 (5.8)
l+a—alcos

i S=

s,

Figure 5.11: Projection of the modified cap yield surface on the m-plane (Abaqus 6.15

manual)

The hardening/softening law is defined by a piecewise linear function relating the hydrostatic
compression yield stress, pp, to the volumetric inelastic strain as shown in Figure5.11.

The evolution parameter, p,is related to p, by

_ Pb —Rd
P.= 1+Rtan 3 (5.9)

c) The Transition Yield Surface
The coupling between the Drucker-Prager yield surface and the elliptical cap is made by a

smooth transition curve surface which is defined as

2

¢ (d +P,tan ﬂ) —a(d + P, tan ) = 0(5.10)

cos f

F.= [(P—p.)+ 1 1-

5.3.4 Model parameters

The definition of the modified Drucker-Prager cap plastic model includes plasticity and

hardening parameters. The plasticity parameters, d, 8, R, e}fél (initial volumetric plastic
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strain),a and K define the shape of the yield surface in the stress space while the hardening
law is defined by pairs of the hydrostatic compression yield stress and volumetric inelastic

strain during the consolidation process.
a) Plasticity parameters

To determine the parameters d and B at least three triaxial compression tests is required
(Helwany 2007). At the failure conditions taken from the tests results can be plotted in the p—
t plane. A straight line is then best fitted to the three (or more) data points. The intersection of
the line with the t-axis is d and the slope of the line is . We also need the results of one
dimensional consolidation test with several unloading-reloading cycles. This can be used to

evaluate the hardening law as a piecewise linear function relating the hydrostatic compression

yield stress py, and the corresponding volumetric plastic straingf,’;l. The Drucker — Prager
model parameters d and B also can be matched to Mohr — Coulomb parameters(C and ¢) as
EQ.5.10 (Helwany 2007). In this thesis, Eq.5.10 was used to determine these parameters (d

and ) and the input parameters used for the software are given in Table 5.3 and 5.4

tan ﬂ:m (5.10a)
3-sing'

d=1-1tan p_C05¢ xpe (5.10b)
3 1-sing'

The initial cap yield surface position, 7., defines the initial cap position and it is a small
number or zero (0) is taken ABAQUS manual.

The transition surface radius parameter, a, is a small number (typically in the range of 0.01 to
0.05), and relates to the radius of the transition yield surface that provides a smooth
intersection between the cap and failure surface. The ratio of the stress in triaxial tension to
the flow stress in triaxial compression, K, is assumed to be 0.888 in this research.

b) Cap hardening behaviour

The cap hardening curve is obtained from the isotropic consolidation test results. But the
isotropic consolidation test results of some layers are not included in the soil investigation
report. Therefore the missed parameters used for developing cap hardening curve were taken
from literature review.

The cap hardening curve is determined using EQ.5.11 and the isotropic consolidation

parameters are given in (Chapter 3 Table 3.4).
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g =G Gy P (5.11)
“T231+e) P.

Table 5.2: Cap hardening behaviour of the soil

layerl layer2 layer3 layer4 layer5 layer6 layer7

e | P[kpPa] P[kPa] |P[kPa] |P [kPa] P [kPa] P[kPa] |P [kPa]
0 366 462 646 786.25 874.5 1002.5 1506.5
0.01 512.518 638.4238 | 918.3368 | 1000.831 | 1084.937 | 1425.128 | 2084.429
0.03 1004.998 1219.111 | 1855.842 | 1621.666 | 1669.914 | 2880.002 | 3990.461
0.08 5411.348 6142.978 | 10774.28 | 5419.542 | 4908.15 16720.15 | 20235.45
0.1 10611.13 11730.41 | 21773.45 | 8781.386 | 7554.527 | 33789.29 | 38739.04
0.15 57134.95 59108.34 | 126408 29347.04 | 22203.99 | 196167.2 | 196444
0.18 156886.7 155973.3 | 363147.4 | 60529.21 | 42399.94 | 563553.1 | 520346.5
0.2 307639.5 297840.9 | 733874.7 | 98076.62 | 65261.16 | 1138869 996158.8
0.3 8919133 7562330 | 24735269 | 1095388 563770.4 | 38385615 | 25615824

Layerl[ Red sandy clayey silt], Layer 3&6 [Medium strong rock basalt], Layer 7 [ Strong rock
basal], Layer 2&5[Completely weathered basalt mixed with swelling clayey silt], Layer 4 [Swelling
clayey silt or Altered Ash ]

Table 5.3: Summary of basic concrete parameters used for the software

Modulus of Elasticity

Poisson’s ratio

Effective Unit weight

Symbols and units E[GN/m?] Vv 7’ [kN/m?]
Raft 35 0.2 15
Pile 36 0.2 15
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Table 5.4: Summary of basic soil parameters used for the software

Sym. Layerl | Layer2 | Layer3 | Layer4 | Layer5 | Layer6 | Layer7
Modulus of Elasticity E [MN/m?] | 121 400 1000 131 400 1000 1500
Effective Unit weight v [kN/m°] |7 12 14 7.7 12 14 18
Poisons ratio(v) - 0.3 0.3 0.25 0.3 0.3 0.25 0.25
Frictional angle ’[°] 27 42.8 45 27 42.8 45 45
Cohesion C[kN/m7 | 25 25 5000 25 5000 5000 5000
Slope of the yield surface
Fs in the p-t plane BI°] 47 58 61 47 58 61 61
Intersection  of yield
surface Fs d [kN/m?] 52.4 53.65 | 9600 52.4 9600 9600 9600
with the t axis
Initial cap position o 0 0 0 0 0 0 0
Flow stress ratio K 0.888 0.888 | 0.888 0.888 | 0.888 | 0.888 | 0.888
Cap Eccentricity R 0.5 0.6 0.8 0.5 0.8 0.8 0.8

Layerl[ Red sandy clayey silt], Layer 3&6 [Medium strong rock basalt], Layer 7 [ Strong rock basal], Layer

2&5[Completely weathered basalt mixed with swelling clayey silt], Layer 4 [Swelling clayey silt or Altered Ash ]

5.4 Model validation

The software which is used for developing the model must be validated before its result is

accepted and applied to simulate the real world problems. Validation is the only way to

justify the predictions of a numerical model to the true physics concerned (Sinha 2013).

To check the validity of the results the model (ABAQUS), an example of piled-raft

foundations was analysed. The model reported in the American Society of Civil Engineers
(ASCE) Technical Committee — 18 (TC -18) report in (H. G. Poulos 2001), has been used in

this thesis for validation purpose. Fig. 5.12 shows the layout of the piled-raft foundation

considered in this analysis.
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Figure 5.12: Layouts of piled-raft foundations taken from [H. G. Poulos 2001].

As shown in Figure 5.12 the raft dimension is 10m by 10 m with 0.5m thickness and the 9
piles are 10m in length and 0.5m in diameter. One quarter of the foundation has been taken
into account for simulation purpose. The middle three piles in transverse direction were
subjected to the concentrated load of 2MN, while the edge piles were subjected to the
concentrated load of 1IMN. The result of settlement contour simulated in this model is given

in Figure 5.13.
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Figure 5.13: ABAQUS settlement contours in the z (vertical) direction
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The Load-settlement predictions using the developed ABAQUS 3D model is in good

agreement with the predictions of Poulos-Davis-Randolph (PDR), Geotechnical Analysis of
Raft with Piles (GARP5), Geotechnical Analysis of Strip on Piles (GASP) and FLAC 3D.

Comparison between the results of the developed model and other models is summarized in

Table 5.5

Table 5.5: Comparison of the results of ABAQUS 3D model with other models for total of

12MN

Model

Central

Settlement (mm)

Corner pile

Settlement(mm)

FLAC 2D Predicted by Poulos(2001)

65.9

60.5

FLAC 3D Predicted by Poulos(2001) 39.9 35.8
PDR Method 36.8 -
GASP 33.8 22
GARP5 34.2 26
PLAXIS 2D Predicted by Omeman(2013) 32 26
The developed ABAQUS 3D (in this thesis) 31 26.4
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CHAPTER SIX
RESULTS AND DISCUSSIONS

6.1 Introduction

The main objective of this study is to investigate the contribution of the raft to bearing
behaviour of piled raft foundation and to the assess load sharing mechanisms between the raft
and piles. As shown in chapter 5, an ABAQUS model has been developed to study the
behaviour of piled raft foundation in case of pile tips resting on a stiff stratum. In addition, to
ensure the reliability of the results obtained by the developed model, comparison study was
carried out between the results given by (H. G. Poulos 2001) and those obtained from the

current FE model with similar real structure geometry, loading and properties.

The scope of this study is to investigate the contribution of raft, on settlement, load sharing
behaviour of the piled raft foundation and to assess its failure behaviour in the cases where,
weak stratum located under hard stratum below the pile tips. Therefore, the results obtained
by the developed model are related with these parameters. Furthermore, discussions are made
by considering comparisons to previous works related to the specific topic under

consideration.

6.2 Behaviour of the raft alone

The raft was analysed assuming that it can support the entire load. Figure 6.1shows the
contour of the vertical settlement. It undergoes total settlement of 5.1 cm and differential
settlement of 1.14 cm. When this result is compared with the result of the simplified method,
the simplified method gives higher settlement (6.86 cm). The maximum, minimum and tilting
of the foundation is given in Table 6.1. As expected the location of the maximum and
minimum settlements of the raft occur at the centre and corner respectively. It is usually the
differential settlement rather than total settlement which causes damage to structures. In order
to accommodate the structure itself from harmful distortion, EBCS- 7and (Bowles 1996)
limits the maximum differential settlement and tilting of any building are 75% of total
settlement and 1/500 respectively. It should be noted that the maximum differential
settlement and tilting of the building are less than the maximum specified allowable value.
Therefore these results cause no negative effect on the serviceability of the building. As
discussed in Chapte4, the adequacy of the raft alone in terms of bearing capacity and

settlement requirements should be investigated first before adapting piled raft system. The
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results showed that the raft can carry double as much the superstructure load. Settlement of
the raft is also within the acceptable limit given by EBCS- 7and (Bowles 1996)
recommendations. Therefore, it can be concluded that the raft is adequate both in terms of

bearing terms of bearing capacity and settlement requirements.

RIACE
e T L
= YA
KB O ORRITE
B VAN vy, A
u, u3 B vanavan v, Sy PV )
-3.935e-02 ‘ftf.ﬁ:ﬁ:;:#:%ﬂﬂh?ﬁ“&
e S
-4, e- a
-4.224e-02 S
-4.320e-02 ol
-4.416e-02
-4.513e-02
-4.609e-02
-4.705e-02
-4.801e-02
-4.898e-02
-4.994e-02
-5.090e-02

Y 0DE: raftalonewithunfactoredload.odbk Abaqus/Standard 6.12-1  Thu Apr 19 08:20:30 E. Africa Standard Time 2018

1 Step: External load
b Increment  6: Step Time =  1.000
Primary ¥ar: U, U3
Deformed ¥ar: U Deformation Scale Factor: + 10002 +00

Figure 6.1: Contours of vertical displacement the raft at full load (units: m)

Table 6.1: Shows the differential settlement and tilting of the building on raft alone

Maximum settlement | Minimum settlement Differential settlement Tilting
[mm] [mm] [mm]
50.9 39.5 114 0.00044

6.3 General behaviour of piled raft foundation

As mentioned in Chapter 3 the actual geometry of the piles is enlarged (belled shape) at their
tips. But this belled shape was not considered in the model. Length of the bored pile varies
(ranged from 5m to 10 m) so as to reach the hard stratum. The variable soil profile was
simplified to horizontal because of its difficulty to consider in the model In order to assess
the behaviour of piled raft under consideration, two cases have been taken. In the first case
the actual length of piles was considered. In this case some pile did not reach the hard stratum
due to simplification made for the soil formation. In the second case, an average length of the

piles was analysed. Here all pile tips are extended up to the hard stratum.
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Case 1: Using actual length of the piles

Figure 6.2 shows contours of settlement of the raft at total working load. The location of the
maximum and minimum settlements of the raft occur at the centre and corner respectively.
The results of the analysis show maximum and minimum settlements of the raft as 4.23 cm
and 2.7 cm respectively. This gives 1.53 cm maximum differential settlement and1/1695
tilting of the building as shown in Table 6.2.1t can be noticed that the maximum settlement of
piled raft foundation is almost the same with the maximum settlement the raft alone. The
maximum settlement reduction of the raft by adding 46 bored piles below it is less than 1cm.
In addition maximum differential settlement and tilting of the piled raft foundation and the
raft alone are also the same. So, based on the result, it can be concluded that inserting piles

below the raft has no contribution for settlement reduction.

u, u3

-6.273e-03
-9.276e-03
-1.228e-02
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-1.828e-02
-2.129e-02
-2.429e-02
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-3.029e-02
-3.330e-02
-3.630e-02
-3.930e-02
-4.230e-02

0DB: unfactoredactual9m.odb  Abaqus/Standard 6.13-1 Thu Apr 19 17:28:10 E. Africa Standard Time 2018

I Step: Extermnal load
b4 Increment  6: 5tep Time = 1.000
Primary Yar: U, U3
Deformed ¥ar: U Deformation Scale Factor: + 1.000e+00

Figure 6.2: Contours of vertical displacement at full load for case 1(units: m)

Table 6.2: Shows the differential settlement and tilting of the building

Maximum settlement | Minimum settlement Differential settlement Tilting
[mm] [mm] [mm]
42.3 27 15.3 0.00059
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Axial load distributions are plotted in Figure 6.3.The maximum axial load is at the top of the

pile; it reduces with depth, and minimum at the tip of the pile. The axial load carried by the

piles at the centre of the raft is very small compared to the piles around the edges. Similar

behaviour was also reported by (Maharaj 2004).This is due to pile group effects. Central pile

became less stiff and the axial load carried by it will be small as compared to the piles around

the edges.
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Case 2: Using the average length of the piles
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Figure 6.3: Axial load distribution of piles

Settlement contours of the raft are shown in Figure 6.4.The results of the analysis shows

maximum and minimum settlements of the raft are 3.9 cm and 2.85 cm respectively as shown

in Table 6.3. This gives 1.05 cm maximum differential settlement and1/2439 tilting of the

building. These results are similar with the results of case 1. Therefore the simplification

made for the soil formation has no significant effect on settlements of the foundation.

AAIT

Page 60




INVESTIGATING THE LOAD SHARING BEHAVIOUR OF PILED RAFT WITH PILE TIPS ON
HARD STRATA USING FINITE ELEMENT METHOD

Y

..

Figure 6.4: Contours of vertical displacement at full load for case 2 (units: m)
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Table 6.3: Shows the differential settlement and tilting of the building

Maximum settlement | Minimum settlement Differential settlement Tilting
[mm] [mm] [mm]
39.03 28.5 10.53 0.00041

As mentioned earlier, in the model some piles were not extended up to the hard stratum. To

see the effect of soil layer at pile tips on axial load distribution one typical pile location has

been taken for comparison. Figure 6.5 shows axial load distribution of the pile when soil

layer at pile tip is varied. As shown in the figure axial load distribution of the pile is almost

twice when its tip is resting on the hard stratum as compared when its tip is resting on a weak

stratum.
Axial Load[MN]
0 5 10 15 20 25 30
G i
X Va /
_ / /
£, A /
5 g ///
2 . P
8 v
=+ Dile tips at hard stratum == DPile tips at weak stratum
Figure 6.5: Axial load distribution of pile with pile tips on different soil layers
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Figure 6.6 shows the typical load-settlement curves for a selected key node of a piled raft
foundation unit. As expected, the settlement increased with the increasing load levels. Unlike
the case of classical foundations with group of piles, no sudden increase of the settlements
without increasing load is observed. It can be seen from the figure that the graph is almost
linear. This reveal, that stiffness of the foundation is governed by the piles alone and the

ultimate capacity of the piles also has not utilized yet.
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Figure 6.6 Load displacement behaviour of the piled raft foundation

6.4 Load sharing behaviour of piled raft foundation

The percentage of load taken by each component (raft & piles) depends on a number of
factors such as soil property, raft geometry, pile geometry (diameter, length) and its spacing.
In this study investigation was made for the actual soil properties of the site and actual
geometry of the foundation system. Table 6.3 shows the computed settlement of the piled raft
foundation, total gravity load transferred from the superstructure to the raft and the load

sharing rations between piles and raft.
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Table 6.4: Shows load sharing behaviour between piles and raft with applied vertical load

Percentage of Load applied Load shared Load sharing Load sharing Total

the total load on the raft by the ratio of piles ratio of raft settlement
in (%) [MN] pilesIMN] (@ py)in % (X) in % [mm]

10 160.8 176 100 0 5.99

20 256.86 295 100 0 95

35 400.8 465 98.3 1.7 14.8

65 688.8 754 95.2 4.8 26.23

80 832.8 880 93.6 6.4 33.82

95 976.8 1030 93.1 6.9 36.49

100 1024.8 1090 92.9 7.1 42.3

As we can see from Table 6.4 at the total superstructure load, load sharing ratio by the piles,
apr 1S 92.9% for case 1(using actual pile length). For Case 2(average pile length) oy gives
96%.When results of the FE method is compared with the simplified method, the simplified
method underestimate the load shared by the piles. It gives 84.36% of the total load
transferred by the piles. This is due to many simplifications were made in simplified method.

The piled raft coefficient was not only dependent on the system geometries of the foundation
but also on the load level for most cases. The load sharing between the raft and the piles as a
function of the total applied load reported in Figure 6.7 shows a significant reduction of the
total load carried by the piles with increasing load level. Similar behaviour was reported by
(Katzenbach 2013). At small load level almost the entire superstructure load is carried by the
piles (horizontal portion of the graph) shown in the figure. When the load of superstructure is
small, the settlement of the foundation is also small; at this stage load shared by the raft is
insignificant or small because interaction between the raft and the soil is negligible. When the
magnitude of the load increases load carried by the piles decreases and became almost
constant as shown in the figure. At this stage the ultimate capacities of the piles are reached
after that if there is any additional load it will be taken by the raft. When total load of the
structure increases settlement of the building also increase, as a result of the raft — soil
interaction, the contact pressure below the raft increase. At this stage, the load sharing ratio
by the piles decreases and load sharing ratio of the raft increase. Generally as shown in the
figure the load shared by the piles is greater than 93%, this shows almost all the

superstructure load are transferred by the piles. This is due to tip of the piles is resting on the
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medium strong rock; the entire load is transferred to the rock through the piles. In addition,
the settlement of the foundation is also very small, as a result the raft — soil interaction has no

significant effect and load shared by the raft is negligible.
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Figure 6.7 Load sharing behaviour with applied vertical load

According to piled raft foundation guideline (Jean-Louis n.d.), the application of piled raft
foundation is effective in cases where the soil under the raft is not very weak in comparison to
that under the pile tip. Thus it is common to define the dimensionless stiffness ratio Esoif iayer at pite
tips | Etop 1aye @S the ratio of stiffness of the soil layers at the tip of the piles to that at the top of
piles or just under the raft. The guideline restricts the use of Piled raft foundation for the range of
Exsoil 1ayer at pite tips / Etop 1aye greater than 10, because contribution of the raft is very small (piles raft
coefficient oy is >0.9 to all cases). But in this study, the actual stiffness ratio of the soil layers
at the tip of the piles to that at the top of piles or just under the raft (Esoil 1ayer at pile tips / Etop taye) 1S
8.26/1. For this stiffness ratio load shared by the piles oy iS 92.9%. This value is nearly
acceptable as compared with the recommendation given by the piled raft guideline.

To apply the recommendation given by the piled raft foundation guideline for stratified soil
condition, in case of pile tips resting on hard stratum, a parametric study was carried out. Six
different stiffness rations Esoii iayer at pite tips / Etop 1aye Were analysed. These ratios are three above
the limit value (10/1) and three below the limit value. Only the stiffness of the weak layer

(beneath raft) is varied keeping the stiffness of hard stratum (where the pile tips resting on).
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Table 6.5 shows the analysed cases of different stiffness ratio with load sharing ratio by the

piles.

Table 6.5: Load sharing behaviour of the foundation with different stiffness ratios

S.N | stiffness ratio = Esoi tayer at pite tips / Etoplaye | Load shared by the piles Oy N
1 25 100
2 20 99.8
3 12.5 96.5
4 8.33 92.25
5 2 86.3
6 1.25 84

The effects of the stiffness of the top weak layer on load sharing ratio of the piles have been
studied using the stiffness ratio-versus-load shared by the piles plots shown in Figures 6.8.
For lower stiffness ratios (Exoil rayer at pile tips / Etop 1aye < 10), the percentage of load carried by the
piles is increasing linearly with increasing Esoii iayer at pite tips / Etop 1aye @ Shown in the figures and

becomes 100% for Esgii tayer at pile tips / Etop 1aye Values greater than 20.
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Figure 6.8: Shows the effects of stiffness ratio on load sharing behaviour of pile

6.5 Effect of raft — soil interaction on behaviour of piled raft foundation
a) Effect of raft — soil interaction on settlements of the building

In order to see the effect of raft- soil interaction on an individual group of piles behaviour, the

piles with raft have been analysed with the same material properties of soil and pile as
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considered in the piled raft foundation. The same discretisation has been used; only the raft -
soil interaction was ignored (the contact between raft and soil is not allowed). In the analysis,
magnitude and way of application of the loads on the raft is the same as in the piled raft

foundation analysis have been applied (with full contact between raft and soil).

Figure 6.9 shows contours of settlement of the raft at total working load. The positions of the
maximum and minimum settlements are slightly altered from their location. The maximum
settlement is shifted from centre point. It is located almost on the corner of symmetry line
shown in the figure. The results of the analysis shows maximum and minimum settlements of
the raft are 4.28 cm and 2.72 cm respectively as shown in Table 6.6. The maximum
differential settlement and tilting of the whole building is 1.56 cm and 0.00061 respectively.
It should be noted that although the raft — soil interaction is ignored in the model, the
maximum differential settlement and tilting of the building are similar with the results
obtained by considering the raft-soil interaction. It can be conclude that the raft soil
interaction has no effect on the foundation behaviour. As mentioned earlier the pile tips are
located on the medium strong layer, as a result the settlement of the foundation became small.

Due to this reason the raft — soil interaction is not active.
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Figure 6.9: Contours of vertical displacement at full load without raft soil interaction
(Units: m)
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Table 6.6: Shows the differential settlement and tilting of the building without raft soil

interaction

Maximum settlement | Minimum settlement | Differential settlement | Tilting

[mm] [mm] [mm]

42.8 27.2 15.6 0.00061

b) Effect of raft — soil interaction on axial load distribution of piles

Here we cannot talk about load sharing mechanism; since the contact between raft and soil
was ignored all loads are carried by the pile groups. To see the effect of raft — soil interaction
on axial load distribution of piles, the two previously selected piles (one from centre and one
from edge) were chosen. The comparison of axial load distribution between these piles is also
plotted in Figure 6.10. As expected, the maximum axial load is at the top of the pile; it
reduces with depth, and minimum at the tip of the pile. The axial load carried by both piles is
almost the same both in their magnitude and their pattern. This shows that the raft — soil
interaction has no significant effect on the axial load distribution of the piles.
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Figure 6.10: Axial load distributions of piles a) Central piles b) Edge piles

c) Effect of raft — soil interaction on load - settlement behaviour of the building

Fig 6.11 shows the typical load-settlement curves for the selected key node of a piled raft

foundation unit with and without considering the raft — soil interaction. As it can be shown in
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the graph both curves exhibit the same stiffness. This indicated that the raft — soil interaction

has no significant contribution.
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Figure 6.11 Effects of raft — soil interaction on load displacement behaviour of the piled raft

foundation

6.6 Effect of weak layer on behaviour of piled raft foundation

This section deals with an extensive study of the influence of weak layer, located under hard
strata below pile tips, on the settlements and load sharing behaviours of the piled raft
foundation. To investigate the effect of this weak layer on the settlements and load sharing
behaviour of the piled raft foundation, the analysis was carried out by varying the following

two parameters.

a) By varying location of the weak layer keeping all other parameters constant

b) By varying stiffness of this weak layer keeping all other parameters constant

In addition to its realistic location of this weak layer, five different locations are considered in
in the analysis. These are, one at the pile tips, four below pile tips (below 1 m, 3 m, 6m and
14 m). In addition to its actual stiffness this weak layer, four different stiffness ratio of the

weak layer to stiffness of hard strata (Eweak 1ayer / Esoil tayer at pile tips) 1S cOnsidered in the model.

Effect of the weak layer on settlements of the building
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Contour plots of the raft settlements show that the positions of the maximum and minimum
settlements are not considerably altered by stiffness variation. The effects of the stiffness of
the weak layer on maximum and differential settlements of the foundation have been studied
using the stiffness ratio-versus-settlement plots shown in Figure 6.12. For lower stiffness
ratios (Eweak tayer / Esoil tayer at pile tips < 0.2), both the maximum and differential settlements are
decreasing abruptly with increasing Eweak layer /' Esoit tayer at pite tips @ Shown in the figures. This
shows that, a slight reduction of the soil stiffness in the weaker range results in an excessive
increase in maximum and differential settlements of the building. The influence of the weak
layer, which located below pile tips, on the maximum and differential settlements decreases
with increasing Eweak 1ayer / Esoil tayer at pite tips ad becomes insignificant for Eweak 1ayer / Esoit tayer at

vile tips Values greater than 0.5 for all locations of the weak layer.
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Figure 6.12: Shows the effects of stiffness ratios on maximum and differential settlements of the
building
The effects of the locations of the weak layer on maximum and differential settlements of the

foundation have been studied using the location of the weak layer -versus-settlements plots
shown in Figures 6.13. As we can see from the graph both total settlement and differential
settlement are approaching to the same value when the stiffness ratio (Eweak 1ayer / Esoil tayer at pite
iips > 0.5). In addition the locations of the weak layer have negligible effects on maximum and
differential settlements when the weak stratum is located below 9 m for all stiffness ratios as
shown in the figures. It can be said that the effect of weak layer on the piled raft behaviour is
negligible even its location is below 1 m for relative stiffness between the weak and hard

strata is greater than 0.5.

For all stiffness ratios (0.05 to 0.8) considered in this study the behaviour piled raft is not

affected if the weak stratum is located below 9 m.
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The effect of this weak layer clearly showed on total and differential settlement of the

foundation. Location of the weak layer has more effect on settlement rather than the relative

stiffness of weak to hard strata.
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Figure 6.13: Shows maximum and differential settlements of the building with location of the

weak layer under pile tips
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CHAPTER SEVEN

CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS

The main objective of this thesis is to study the load sharing behaviour of piled raft
foundation considering the effect of weak layer beneath the raft and another weak layer
located under the hard stratum below pile tips using Finite Element Method. The main
conclusions and recommendations drawn through the numerical modelling of piled raft

foundation developed in this study are summarized in this chapter.

This paper has illustrated the process of design of a piled raft foundation using two stage
procedures, in the first stage an initial assessment of piled raft foundation was carried out
using simplified method , and in the second stage a detailed design of the foundation and

assessing its behaviour was carried out using finite element method.

In this study a numerical model was developed using ABAQUS software to analyse piled-raft
foundations as three dimensional problems. The model, accounts for the effect of interaction
factors among pile, raft and soil. The model was validated by comparing its results with the
results of other numerical models available in the literature. The results of this numerical
model were found in reasonable agreement with the results of other numerical models

available in the literature.

The results of the analyses show that although the foundation is primarily designed as a pile
group, the raft alone can carry the superstructure load with allowable settlements. But when
the raft is analysed with 46 piles, the raft contribution became insignificant. Only 7% of the
total load is transferred by the raft .When this result is compared with simplified method; it is
observed that the simplified method analysis gives the higher values of load shared by the

raft. It gives 14.6% of the total load is transfer directly to soil by the raft.
The most important observations regarding the load sharing and load-settlement behaviour of
piled-raft foundations can be summarized as follows:

> Based on the result, the raft alone is adequate both in bearing capacity and settlement

requirements.
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» It can be concluded that inserting piles below the raft has no contribution for settlement
reduction if the pile tips resting on hard stratum.

» The raft has no significant effect both in load sharing and settlement of the piled raft
foundation in case of pile tips resting on hard stratum.

> Based on the result, it can be concluded that the effect of weak layer located under hard
stratum below pile tips on the piled raft behaviour is negligible for relative stiffness
between the weak and hard stratum is greater than 0.5. For all stiffness ratios (0.05 to 0.8)
considered in this study, the piled raft behaviour not affected if the weak stratum is
located below 9 m.

» The load sharing between the raft and the piles depends not only on the ratio of the
stiffness of the piles to that of the raft but also depends on the settlement of the
foundations. The load carried by the raft increases significantly when the settlement of the
raft increases.

> In this thesis, the result of load shared by the raft is slightly agreed with the
recommendation given by the piled raft foundation guideline. The guideline states that If
the stiffness ratio of top layer to bottom layer (soil layer at pile tip) is <0.1 the load
shared by the piles higher (it is > 90%).

RECOMMENDATIONS

» The boundary condition (shoring wall) of the actual foundations is irregular and
unsymmetrical. The shear wall is located around 80 m from centreline of the raft in
one direction and around 10 m in the other direction. In this study, the analysis was
carried out by taking the longest side and assuming symmetrical condition. So it is
recommended to extend this study by carrying out full three-dimensional analysis to
account for effects of boundary condition on behaviour of the piled-raft foundations.

» Most of soil parameters required for numerical analysis used in this study are
obtained from different literatures. Only very limited parameters are directly taken
from test result. This is due to lack of adequate laboratory and field test results for the
different soil layers at different depth. This can be raised as one significant drawback
in this study. A better simulation result of FEM could have been obtained, if most
soil parameters have been directly determined from laboratory and field test results.

» The actual geometry of the piles is enlarged at their tips. But In this study the
enlarged dimension at pile tips is not considered. So it is recommended to investigate
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the effect of belled pier in terms of foundation stiffness or the load sharing of piled-
raft foundations.

> In this thesis the load sharing mechanism of piled raft in layered soil was investigated
where the weak layer is located beneath raft and hard stratum at pile tips. It is
recommended to investigate the load sharing mechanism of piled raft foundation

where the hard stratum is located beneath the raft and weak layer at pile tips.
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APPENDIX - A

Super structural loads and pile lengths
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Super structural loads

All Loads are in kN

C2 =35243.293 Cl =35863

C3 =31995.307 Cl6 =32757.6
C4 =28138.643 C15 =29990.6
C5 =25829.107 Cl1l4 =27084.5
C6 =25572.643 C13 = 26431.5
C7 =25200.329 Cl12 =25560.5
C8 =28199.214 Cl11 = 30206.3
C9 =32276.236 C10 =34430.9

"Pall = 487884.7

Note : C = Column load
Pall = Shear wall load
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Pile lengths
Pile No. | Pile length | Pile No. | Pile length | Pile No. | Pile length | Pile No. | Pile length

3 8.5m 9 7.1m 14 7.4 m 43 7m
4 7.7m 10 57m 15 7.5m 46 7m
5 8.3m 20 8.2m 16 6.6 m 11 4.4m
17 53m 21 7.8m 26 6.7m 12 4.3m
18 7.9m 22 55m 29 7.8 m 27 9.8 m
19 8.3 m 23 6.6 m 30 7.6m 32 7.6m
28 58m 24 5.6 m 31 7.9 m 37 4.3 m
1 6.5m 39 6.5m 33 7.5m 38 57m
13 7m.l 40 48m 34 7.8 m 44 7m
25 7.7m 41 6.4 m 25 7.5m 45 45m
7 6.5m 2 9.3 m 36 6.3m
8 56m 6 8m 42 7.4m
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APPENDIX - B

Bore hole loge data
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APPENDIX C

Approximation the actual soil profile in to single homogenous layer
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P WA T
2
Layer 2 Ce with swelling clay silt
7 E2,v2

Medium strong basalt rock E3 , V3

swelling clayeysilt{altered Ash) Eg , V4

*
- Bs. v

Layer S Completely weathered scoriaceous basalt mixed with swelling clay silt VE 5

tayers medium stongbasaitiok — E6 2 V6

B) Equivalent h il
A) Actual soil profile ) Equivalent homogenous soi

Figure 1: Diagram shows the actual soil profile is converted to equivalent single layer

E* and v* shown in FigurelB are the equivalent young’s modulus and equivalent Poisson’s
ratio for the whole soil given by

1 1
T Z Ms(i) Al /Algotal

i=1

e
n

=

n
s = Z Vsiy Ali/Alioral
-1

Where: Mg is the equivalent young’s modulus for the soil layer number i given by

My = Esqiy/ (1= Vi)

Where: Egj and vy are the Young’s modulus and the Poisson’s ratio for the soil layer
number i in the n-layered system.

Al = I(Z%op) - I(Zli)ottom)
Alyorar = 1(0) — I(h)

Where: Z{op and Z. ..., are the depths below the surface of the top and bottom of layer

number i, h = the thickness of layer i. The values of Z{,, and Zl ottom are determined from
Figure 2 shown below.
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Figure 3 Design charts for the group efficiency and for the correction factors (after Fleming

et al, 1992)
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APPENDIX D

Cap Hardening Calculation Sheets and Generated Graphs
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Cancelation sheet used to generate the cap hardening curve .The mean effective stress is related

with the plastic volumetric strain as the following equation

b _
S

&

—CC_ Cs lnﬂ
23(1+e,) po

Cap hardening parameters
soil Pre consolidation Natural void Compression | Swelling X
layers pressure (P,) ratio (e,) Index (c.) Index (cs)
layerl 366 1.313 0.186 0.028 0.0297
layer2 452 0.8 0.15 0.022 0.030918
layer3 636.5 0.3 0.1 0.015 0.028428
layer4 799.5 0.92 0.213 0.03 0.04144
layer5 890 0.2 0.15 0.022 0.046377
layer6 1009.5 0.3 0.1 0.015 0.028428
layer7 15135 0.2 0.1 0.015 0.030797
e
Let X = % and the mean effective yield stress P is given by P = P,exp x
Mean effective yield stress P
Volumetric layerl layer2 layer3 layerd layer5 layer6 layer7
Plastic P in kPa P in kPa | P in kPa | P in kPa | P in kPa | P in kPa | P in kPa
Strain, s’

0 366 452 636.5 799.5 890 1009.5 15135
0.01 512.518 624.6051 | 904.8318 | 1017.698 | 1104.167 | 1435.079 | 2094.114
0.03 1004.998 1192.724 | 1828.55 1648.994 | 1699.512 | 2900.112 | 4009.003
0.08 5411.348 6010.013 | 10615.84 | 5510.873 | 4995.144 | 16836.9 20329.48
0.1 10611.13 11476.5 | 21453.25 | 8929.371 | 7688.427 | 34025.23 | 38919.04
0.15 57134.95 57828.94 | 124549.1 | 29841.6 | 22597.54 | 197537 197356.8
0.18 156886.7 152597.2 | 357807 61549.26 | 43151.46 | 567488.1 | 522764.3
0.2 307639.5 291394.2 | 723082.5 | 99729.42 | 66417.87 | 1146821 | 1000788
0.27 8919133 7398643 | 24371515 | 1113847 | 573762.9 | 38653644 | 25734848
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