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ABSTRACT

Piled raft foundations are increasingly recommended as an economical and efficient
foundation system for high-rise buildings. However, there is a reluctance to use them in the
case of soft clays due to concerns about excessive settlement and insufficient bearing
capacity. Despite these reasons, the use of piled raft foundations in the case of soft clays is
increasing swiftly. The behavior of the piled raft foundations is affected by various
parameters such as the raft thickness, number, length, and spacing of the piles. Therefore,
economical and efficient design requires integrating all these parameters into the design
approach. However, the current analysis methods for piled raft foundation on soft clay are not
sufficient, especially for the prediction of the overall bearing capacity. In this context, this
research work is interested, on the one hand, in a literature review on the results of field
auscultation and model tests, and on the other hand, in the numerical modeling of the
behavior of piled raft foundations with a thorough parametric study of the various influencing

factors.

The finite-difference code FLAC3P was used in this thesis to investigate the behavior of
piled raft foundation in soft clay conditions. The overall objective of the present study focuses
on the load response and the effects of multiple interactions of the piled raft foundation
subjected to vertical loading. For this purpose, several types of foundations were considered,
including piled raft, pile group, unpiled raft, and single pile. For optimization purposes, the
interaction behavior of the piled raft foundation was also investigated by varying some
parameters as piles number and pile spacing. The obtained numerical results are validated by
comparing them to those of similar subgrade structures and in the comparable geological
conditions provided within the literature. The results prove that even for soft clays, the piled
raft components interact with each other producing a fully different behavior from that of the
unpiled raft and pile group. Therefore, neglecting these interaction effects could lead to an
overestimation of the ultimate bearing capacity of piled raft foundations, essentially for cases
of large piles number. The concluded observations from the parametric study provide further
insight into the mechanical response of piled raft and aim at helping the engineers in taking a
logical path in an iterative design process for a piled raft foundation. A predicted model for
the efficiency factor of the pile group is also proposed which is validated with the obtained

numerical results to better goodness of fit.

Keywords Numerical modeling; Piled raft foundation; Settlement; Interaction factors; Clay;

Pile group; bearing capacity
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Introduction

INTRODUCTION

The establishment of structures resting on the foundations in soft clays implies a good
adaptation of the reconnaissance techniques of the soils in place, a study of the mechanical
behavior of these soils, as well as adapted foundation solutions. Besides, high-rise buildings
and the offshore oil industry also face similar difficulties because of the extreme applied load
and the inappropriate soil conditions. The foundations in these soils eventually pose the
problem of their insufficient bearing capacity, their significant settlement (total and
differential settlement), and negative friction along with the pile's shaft. This, therefore, leads

to choosing foundations adapted to these types of structures, such as piled raft foundations.

The raft foundation is regarded as an alternative design approach when appropriate
load-bearing soil layers do not exist. In inappropriate soil conditions, installing a limited
number of piles to the raft not only helps to avoid the excessive settlement of the foundation
but also enhances the bearing capacity of the foundation and also may improve the required
thickness of the raft (Poulos 2001; Ghalesari and Choobbasti 2018). This combination of the
shallow and deep foundation has become an alternative foundation mode which is known as a
piled raft foundation. This system of the foundation has proved to be an economical and

effective foundation type compared to conventional foundations (Poulos 2001).

The piled raft system was developed to use the load-carrying capacities of both raft and
piles as an optimized foundation type and design concept (Randolph, 1994). In the design of
piled rafts, the piles are used up to a load level that can be of the same order of magnitude as
the bearing capacity of a comparable single pile or even greater (Reul and Randolph, 2003).
The overall load response of piled raft is related to a complex soil-structure interaction
scheme, including the pile-soil, pile-pile, raft-soil, and pile-raft interactions (Katzenbach et
al., 2000; de Sanctis and Russo, 2008; Katzenbach and Choudhury, 2013; Park and Lee,
2015). Therefore, evaluation of the bearing capacity for the piled raft is rather complicated
and requires the consideration of various design parameters, such as dimensions of each

foundation component, pile number, pile spacing, and soil conditions. According to Eurocode
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7, this system of the foundation is classified in the category of complex geotechnical
constructions (Geotechnical Category 3).

Both the bearing capacity and the settlements of piled raft have been commonly
estimated based on empirical formulas and analytical relationships inspired by simplified
theories (Poulos and Davis, 1980; Clancy and Randolph, 1993; Randolph, 1994; Burland,
1995; van Impe and Clerq 1995; Poulos, 1994; Viggiani, 1998). In the light of the intrinsic
complexity of the raft-soil-pile interaction, the traditional design methods for piled raft
foundations are in many cases inaccurate and unlikely to result in optimum design. To design
such subgrade-structure, it is essential to identify the different mechanisms of piles interaction

via the connections to the raft but especially through the soil.

The behavior of piled raft foundations continues to be the subject of many important
studies/researches, using various experimental, analytical, and numerical methods (Horikoshi
and Randolph, 1996; Poulos, 2000; Katzenbach et al., 2000; Conte et al., 2003; de Sanctis and
Mandolini, 2006; Lee et al., 2010; Park and Lee, 2014-2015; Lee et al., 2014; Alshenawy et
al., 2016; Sinha and Hanna, 2016; Kumar and Choudhury, 2018; Deb and Pal, 2019). Some of
these studies have considered the interaction effects of piled raft systems and modified the
design approaches (e.g. de Sanctis and Mandolini, 2006; lee et al., 2015; Kumar and
Choudhury, 2018; or Deb and Pal, 2019). However, the evaluation of interaction factors for
piled raft foundations is very complex and there is no simplified methodology to predict the
interaction effects. Moreover, the interaction behavior and the load sharing mechanism are not
sufficiently identified so, the design of bearing capacity of the piled raft foundation depends
on the interaction factors is not yet developed.

To consider more complex cases compared to field and model tests, numerical methods
have been widely developed in the last three decades. Although the two-dimensional
equivalents (axisymmetric equivalent model, equivalent two-dimensional model, plane strain
local model) are still frequently used because they lead to smaller numerical models in terms
of number of nodes and elements, they involve many conservative assumptions and have
serious limitations. However, resorting to 3D finite difference or finite element analyses seem
to be the most reliable option, since complex geometries and multiple interactions can be

explicitly considered.

In this context, this research is interested in the use of FLACSP code to respond to the

concerns of practitioners by proposing, from the results of numerical modeling, tables, and
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charts for several forms of foundations, including piled rafts, pile groups, unpiled raft, and

single pile.

The main objectives of this work are (i) to investigate the effects of the raft-soil-pile
interactions on the load response of piled raft subjected to vertical loading in the case of soft
clay conditions by varying some parameters as pile number and piling configuration. (ii) to
assess the pile group efficiency based on the load-settlement response in the case of soft clays,
considering several pile configurations using a variable number of piles and pile spacing. The
pertinence of the 3D numerical results of the efficiency coefficient is judged by comparison

with those obtained from the most popular formulas available in the literature.
The present thesis consists of the following five chapters:

The first chapter reviewed and summarized the design techniques and analysis methods
available in the literature of piled raft foundations. The different design philosophies
regarding the piled raft foundations and the classification of the analysis methods of piled raft
foundations are outlined in this chapter. Also an updated review of experimental, analytical,
and numerical studies on piled raft foundations are presented and discussed in this chapter.

In the second chapter, the constitutive laws used in this thesis, in particular the perfectly
plastic elastic model of Mohr-Coulomb as well as the numerical tool used, namely the
FLAC?®P code are described in detail.

The third chapter presents our first contribution, concerning numerical investigation on
pile group efficiency embedded in soft clay. This chapter focuses on the evaluation of pile
group efficiency based on the load-settlement response, considering several pile
configurations. After validating the developed numerical model by comparing the obtained
results to those of similar subgrade-structure and in a comparable geological condition
provided within the literature, this study aims to perform a full 3D numerical analysis, using
the FLAC®P code, of the overall load response of the pile group and to determine the effects
of piles number and pile spacing on the freestanding pile group performance embedded in soft

clay conditions.

The second contribution in this thesis is presented in the fourth chapter. A full 3D
numerical analysis, using the FLACS3P code, of the overall load response, load sharing
behavior, pile load distribution, and effects of the interactions of piled raft foundation

subjected to vertical static loading in soft clays are performed. Several types of foundations
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are considered including piled raft, group of piles, unpiled raft, and single pile. The study
results are also validated by comparing them to those of similar subgrade-structure and in a

comparable geological condition provided within the literature.

For design optimization purposes, the interactions behavior and the performance of the
piled raft foundation is also investigated by varying some parameters as piles number and pile
configuration. The change in these settings produces a wide variety of cases to be studied. The
concluded observations from the parametric study provide further insight into the mechanical
response of piled raft and aim at helping the engineers in taking a logical path in an iterative

design process for a piled raft foundation.

A summary of the main results obtained from the present work and necessary
recommendations are presented in section of conclusions and recommendations. References

are added at the end.
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CHAPTER 1

LITERATURE REVIEW ON ANALYSIS
METHODS OF PILED RAFTS

1.1 Introduction

In geotechnical engineering, the choice of a foundation type for whichever structure
must not only be capable of transmitting the total structural load to the ground, but also
achieve this goal satisfactorily. It must be adequately designed to satisfy strength,
serviceability, constructability, and economic conditions. When the shallow foundation
(Figure 1.1a) is not sufficient to carry all the structural load, installing a limited number of
piles below the foundation not only prevents excessive settlement but also improves the
bearing capacity of the foundation (Poulos, 2001). This foundation system is called the piled
raft foundation (Figure 1.1b), which has proven to be an economical type of foundation
compared to conventional foundations. In other words, piled rafts are foundations in which
the pile heads are connected by a raft in contact with the ground surface located between the
piles which therefore contribute to the distribution of loads.

The concept of piled raft foundations was originally described by Sievert (1957) for
compressible volcanic clay in Mexico City, and their advantages encouraged designers to
adopt this approach for foundations of high-rise buildings. Several efforts are in progress to
combine the two types of foundations (shallow and deep foundations), to achieve a cost-
effective design process. The main objective is not only the load sharing between these two
components, or to limit the total and differential settlement within an acceptable limit, but
also to develop a simple analytical method that can be used by engineers, based on numerical
and/or experimental methods, to estimate the ultimate load of the piled raft foundations.

In this chapter, after describing the different design philosophies regarding piled raft
foundations, a literature review on analysis methods of piled raft foundations will be
presented in detail. Also an updated brief review of experimental, analytical, and numerical
methods regarding the analysis and design techniques of piled raft foundations is presented in

this chapter.
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Figure 1.1 Schematic design of (a) Shallow foundation, (b) Piled raft foundation, and
(c) Deep foundation (Borel 2001).

1.2 Design concepts
1.2.1 Design philosophy

Many research studies were done and others still in progress to develop a practical
design strategy for the piled raft foundation based on several design philosophies. Randolph
(1994) defined three different design philosophies regarding piled raft foundation:

a. The conventional approach, in which the foundation is designed as a group of piles with
regular spacing over the entire surface of the raft to carry most part of the total structural
load and taking into account the contribution of the raft to transmit a certain load directly
on the ground, primarily to ultimate load capacity.

As reported by Sinha (2013), every design by the conventional approach philosophy
will necessarily remain in the elastic domain, where the piles are loaded below their bearing
capacity and uniformly distributed over the entire raft surface. The shaft capacity of the group
pile is “extremely difficult and has not been resolved yet” (Das 2015). Furthermore, the
allowance of the raft contribution is not identified in this approach, which they let for

engineering judgment.

b. The Creep Piling approach, where the piles are designed to operate at a working load at
which significant creep begins to occur (usually 70-80% of the bearing capacity). The net
contact pressure between the raft and the surface soil has been reduced by adding

sufficient piles to reduce the pre-consolidation pressure of the soil.
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In this approach, the piles are designed to operate at a working load below the creep
load in this approach, while the capacity of the pile group is extremely difficult which is under
development.

c. The differential settlement control approach, in which the piles in piled raft foundation
are strategically located beneath the raft to minimize the differential settlement, rather

than to reduce the average settlement.

According to Poulos (2001), the latter approach should be the most economical, since
the piles are strategically located to reduce differential settlement. Fewer piles will be needed,

compared to the two other approaches.

Based on the design requirements, Russo and Viggiani (1998) classified piled raft
foundations into two broad categories.

e The first group is the "small" piled raft foundation, in which the bearing capacity of the
raft foundation is insufficient, and therefore the main reason for adding piles is to achieve
an appropriate safety factor. In this group, the raft stiffness is normally high and the
differential settlement could be limited. This typically involves rafts with widths between
5and 15 m.

e The second group is the "large™ piled raft foundation, in which the bearing capacity of
the raft is sufficient to carry the total structural load with an acceptable safety margin, so
the installation of piles beneath the raft is normally designed to reduce settlement or
differential settlement. In such cases, the raft width is larger compared to the length of the

piles.

These two categories described widely the conventional and creep piling approaches defined
by Randolph (1994).

1.2.2 Design considerations

Poulos (2001) reported that the design of a piled raft foundation requires the

consideration of some issues, as well as:

e Ultimate load capacity for vertical, lateral and moment loadings;
e Maximum settlement;

e Differential settlement;

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

e Pile loads and moments, for the structural design of the piles.
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Katzenbach et al. (2005) termed the piled raft foundation as the Combined Piled Raft
Foundations (CPRF), which constitutes of three supporting elements: piles, raft, and subsoil.
The raft and pile stiffness, the soil properties, the pile dimensions, and the pile configuration
all play an important role in the design of a piled raft foundation. Therefore, to develop an

optimum piled raft foundation, the following issues should be considered.

e Ultimate geotechnical capacity under vertical, lateral and moment loadings
e Maximum and total settlements

e Differential settlement and angular rotation

e Lateral movement and stiffness

e Load shearing between the piles and the raft

e Raft moment and shear for the structural design of the raft and its stiffness

e Pile loads and moments for the structural design of the piles and its stiffness.

The behavior of a piled raft foundation implies a complete interaction between the piles,
the raft, and the subsoil. Therefore, to develop a design method for a piled raft foundation, the
following factors should be also taken into consideration.

e The raft characteristics (stiffness, flexibility, rigidity, shape, and dimension);

e Piles’ characteristics (number, configuration, length, diameter, stiffness);

e Applied load characteristics (concentrated or distributed load and its level related to the
ultimate capacity);

e Soil characteristics (soil profile, layers and their stiffness, the ultimate soil bearing

capacity).

The broad study of piled raft foundations requires taking into account the full
interactions between the different elements of the system. Katzenbach et al. (2000)
categorized these interactions into (1) pile-pile, (2) raft-pile, and (3) pile-raft interactions. In
2013, Katzenbach and Choudhury reclassified the piled raft interactions into, (1) the raft-soil
interaction and (2) the pile-soil interaction corresponding to the behavior of conventional raft
and pile foundations, (3) the pile-pile interaction corresponding to the group effect, and (4)
the pile-raft interaction, representing the effect of soil loading on the pile's load-settlement

response behavior (Figure 1.2).

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 8



Chapter 1 Literature review on analysis methods of piled rafts

r

rYvr >y TYrYTTTYYYYyy """""" X A R .
. -
- » - » - » Z
4] {
- » ,Q - - - -
. (1]
- » - » - » .
-
- » - ~ - » '
» - L

Interactions:

© Pile-Soil-Interaction
® Pile-Pile-Interaction
©® Raft-Soil-Interaction
© Pile-Raft-Interaction

Figure 1.2 Interactions of piled raft foundations adopted from Katzenbach and Choudhury
(2013).

1.2.3 Favorable and unfavorable condition

Poulos (1991) reported that the following conditions can be favorable, after

investigating a number of idealized soil profiles for piled raft foundations:

e Auniform soil layer of relatively stiff clay;

e A uniform soil profile of relatively dense sand.
Consequently, the following situation may be unfavorable for applying a piled raft foundation

e Presence of relatively soft clay in the soil profile near the surface;

e Presence of relatively loose sand in soil profile near the surface;

e Presence of soft compressive layer in a soil profile at relatively shallow depth;

e Soil profiles, which are likely to undergo consolidation settlement due to external causes;
e Soil profiles, which are likely to undergo swelling movement due to external causes.

1.3 Classification of analysis methods

Since the research work of research of Zeevaert (1957), researchers and designers have
been adopting of the piled raft system for the foundation of high-rise buildings. Several design
methods have been developed based on various approaches. To carry out a critical review,
these works have been categorized under three major group, namely:
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e Simplified calculation methods, which involves several simplifications concerning the
modeling of the soil profile and the loading conditions on the raft. These methods are
those of Poulos and Davis (1980), Randolph (1983, 1994), van Impe and Clerq (1995),
and Burland (1995);

e Approximate numerical analysis methods, such as the "strip-on-springs™ approach, in
which the raft is represented by a series of strip footings, and the piles are represented by
springs of appropriate rigidity (Poulos, 1991), or the "plate-on-springs” approach, in
which the raft is represented by a plate and the piles as springs (e.g. Clancy and Randolph
1993, Poulos 1994, Viggiani 1998,);

e  More rigorous numerical analysis methods, like the boundary element methods, in which
the raft and piles of the system are discretized with boundary elements, using an elastic
theory (eg. Brown and Wiesner 1975, and Sinha 1997); methods combining boundary
elements for piles and finite element analysis for the raft (eg Ta and Small 1996, and
Russo and Viggiani, 1998); simplified finite element analysis, which generally involve
the representation of the foundation system in the form of a plane strain problem or an
axisymmetric problem; three-dimensional finite element analyses and corresponding
finite difference analysis via the commercial program FLACSP (Poulos 2001).

1.3.1 Simplified calculation methods

The simplified methods found in the literature are those of Poulos and Davis (1980),
Randolph (1983, 1994) van Impe and Clerg (1995), and Burland (1995). They are based on
simplifications in terms of the soil profile and loading conditions on the raft. The simple
analytical methods aim to solve the complicated analysis of settlement of pile groups. So,
some approximations have been made to make the calculation procedure intended to handle
piled raft foundations. A method involving the combination of Poulos and Davis (1980) and
Randolph (1994) methods has been identified as the Poulos-Davis-Randolph (PDR) method.
This simplified method examines the interaction between piles in a pile group and piles with a
raft, as described in detail by Poulos (2001). Combarieu and Evrard (1979) also proposed an
analytical method based on pressuremeter methods to calculate the bearing load of a piled raft
foundation. However, the full interaction effects of the foundation system are not taken into
consideration in this method. To this day, much research and efforts are underway to develop
a simple method to evaluate the ultimate load capacity of the piled raft foundation as a
function of its component capacities, which can be simply assessed by the standard theories.
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1.3.1.1 Load-settlement behavior
A. Equivalent raft method

The foundation is considered as a union and the settlement of the piled raft foundation is
evaluated by considering an equivalent raft located at two-thirds (2/3) of the way down the
piles that penetrate the main foundation layer, or at the level of the bases of piles for end-
bearing piles (Tomlinson, 1986; Bowles, 1988). The adopted depth of the equivalent raft,
given by Tomlinson (1986) in Figure 1.3, depends on the nature of the soil.

77 : 77 brrrr 7 brrrr

| I

bearing stratum || ¢ soft soil

— H H

bearing stratum

1 N T

N base of equivalent raft ——

(a) (b) (c)

Figure 1.3 Adopted depth of the equivalent raft. (A) Piles work mainly by friction, (b)

combination of friction and end bearing piles (c) end bearing piles
The average settlement at soil level is calculated as follows:
Wapr = W + W (1.1)
where

W: is the raft settlement; We is the elastic compression of the piles above the equivalent raft

level, which are treated as free-standing columns.

A practical calculation method for Wy is based on the integration of vertical strains
under the equivalent raft, taking into account variations in soil modulus and correcting the

embedment of the raft below the soil surface (Poulos, 1993), as follows:

Es

Ie
W, = Foq. 312, () Hy (12)
L

where
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qt is the average pressure applied to the raft; 1. is the influence factor from which the vertical
strain may be calculated; Hi and E; are the thickness and the Young’s modulus of the i layer;
Fo is the correction factor; ns is the number of soil layers.

Poulos (1993) performed comparison results of a parametric study using the equivalent
raft method with those of a finite difference analysis and found that, for groups containing
more than 16 piles, the equivalent raft method can be a useful approach for prediction of
settlement, while it considerably overestimates the settlement for a relatively small number of

piles.
B. Equivalent pier method

In practice, the equivalent pier method is often used to estimate the settlement of a pile
group. The basic principle of this method is that the region of the soil in which the piles are
embedded is considered as a continuum and the pile group is replaced by an equivalent pier as

shown in Figure 1.4.

5 deq

Eeq

Figure 1.4 Schematic view of the equivalent pier method, adopted from Sénmez, (2013)

This method has been firstly proposed by Poulos and Davis (1980). The authors
presented two approaches; (1) A single equivalent pier of the same plane area of the group, as
a rectangle, and equivalent length L. (the equivalent pier type I in Figure 1.5). (2) A single
equivalent pier of the same length L as the piles but having an equivalent circular area of
diameter deq, (the equivalent pier type Il in Figure 1.5). However, the second technique is
good at calculating the overall mean settlement, while, it does not offer a solution for the
differential settlement. Poulos and Davis (1980) reported that the latter approach is more

appropriate in layered and nonhomogeneous soils.
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Figure 1.5 Equivalent pier design (Poulos and Davis, 1980)

Poulos and Davis (1980) assumed, by a pure geometric analogy, that the diameter of the

equivalent pier subjected to lateral friction and end-bearing is given by the following

expression:

4
deg = \/;Ag = 1.13,/4, (1.3)
where

Aq is the diameter of the equivalent pier.

The Young's modulus of the equivalent pier is defined by the following relation:
A
Eeq = Es+ (E, — ES)AL; (1.4)

where

Es is the average Young’s modulus of the soil penetrated by the piles, Ep is the Young’s

modulus of the piles, and Apg s the total cross-sectional area of the piles in the group.
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The advantage of this method is that it can show the group effect with total soil

clamping between the piles. So, the equivalent pier can be calculated as a single pile.

Poulos (1993) presented the results of a parametric study comparing the equivalent pier
method to more rigorous numerical analysis. He found that the equivalent pier method tends
to underestimate settlement in the case of a large number of piles. In contrast, the simplified
method can be employed with more confidence for groups including a relatively small
number of piles. Randolph and Clancy (1993) extended the equivalent pier method by
replacing the large pile group with smaller subgroups. This method makes it possible to
simplify the calculation of the group and to determine the settlement of each of the sub-

groups.

Randolph and Clancy (1993), and Randolph (1994) reported that the distinction between
the equivalent raft and the equivalent pier method is made by an overall aspect ratio "R"
expressed as follows:

nxSp
L

R= (1.5)

where
n, Sp, and L are the number, spacing, and length of piles, respectively.

The equivalent raft method is more appropriate for values of R greater than 4 and the
equivalent pier method is more logical for smaller values of R (Randolph, 1994).

Viggiani et al. (2012) suggested that the equivalent raft method is more appropriate for
large pile groups, where the width of the group is greater than the length of the piles, and the

equivalent pile method is recommended for small pile groups.

1.3.1.2  Vertical load capacity
A. Burland’s approach

Burland (1995) developed the following simplified design process, for the case where
the piles are planned to act as settlement reducers and to develop their full bearing capacity at

the design load:

e Estimate the total long-term load-settlement response for the raft alone (see Figure 1.6).
The design load Qo gives a total settlement wo;
e Evaluate an adequate design settlement Sd, including a margin of safety;

e Plisthe load carried by the raft corresponding to Sg;
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e The overload Po — P1 is considered to be taken by piles. Burland suggests that a
“mobilization factor” of about 0.9 can be applied to the ‘conservative best estimate’ of
the ultimate shaft capacity of these piles, Qsu.. However, Poulos (2001) reported that the
shaft resistance of these piles will be fully mobilized and therefore no factor of safety is
applied;

e If the piles are located below columns that carry a load in excess of Qsu, the piled raft
foundation may be analyzed as a raft subjected to decreased column loads. At such

columns, the reduced load Q is:

Qr = Q — 090, (1.6)
Load P }
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Design . p | load settlement
load 0 curve for raft
PH—

|
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Figure 1.6 Burland’s simplified design concept, adapted from Poulos (2001).

The bending moments in the raft can therefore be obtained by analyzing the piled raft
foundation as a raft subjected to reduced loads Qr. Burland did not provide a process for
estimating the settlement of piled raft foundations; Poulos (2001) suggests adopting the

approximate approach of Randolph (1994), in which:
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Srky
Spr = Stk a7)
pr

where

Spr is the piled raft settlement, Sy is the raft settlement subjected to the total applied loading, K¢
is the raft stiffness, and Kpr is the piled raft stiffness.

B. PDR method

A simple analysis approach mainly based on elasticity is often used in practice with
formulas or charts proposed by Poulos and Davis (1980); Randolph (1983, 1994) named the
Poulos—-Davis—Randolph (PDR) method. In this method, the ultimate load capacity of a piled

raft foundation is considered as the smallest of the following two values:

e The sum of the ultimate capacities of the raft plus all the piles;
e 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 approach described by Randolph (1994) can be adopted in order to estimate the
behavior of load-settlement. The definition of the pile problem is shown in Figure 1.7. The

stiffness of the piled raft foundation is estimated as follows:

_ kp+ kr(1-2arp)

kpr — Tk-/ \ (18)

- 1_arp2(kr/kp>
where

Kp is the pile group stiffness, Ky is the raft stiffness, and arp is the raft-pile interaction factor.
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Figure 1.7 Simplified representation of a pile-raft unit, adopted from Poulos (2001).
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The proportion of the total applied load carried by the raft is expressed as follows:

Qr _ kr(1-arp)
Q  kpt+kr(1-2ayp) (1.9)

where
Qr is the load carried by the raft, and Qx is the total applied load.

The raft and pile group stiffness, Kr and Kp respectively, can be estimated through
elastic theory, using for example, the solutions of Mayne and Poulos (1999) for K, and Poulos
and Davis (1980) or Fleming et al (1992) or Poulos (1989) for Kp.

Egs. 1.8 and 1.9 are used to develop a tri-linear load-settlement curve, as shown in
Figure 1.8. The piled raft stiffness is computed from Eqg. 1.8 for a given number of piles. This
stiffness will continue to operate until the pile capacity is fully mobilized (point A). After this
point, the stiffness of the foundation is that of the raft (Ky) until the ultimate load capacity of
the piled raft foundation is reached (Point B). At this stage, the load-settlement response

becomes horizontal.

pl-————————————
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Load I
|
|
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| |
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elastic ™ I o . | o o
y Pile capacity fully utilised, | Pile + raft ultimate
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1 1
Settlement

Figure 1.8 Simplified load-settlement curve for preliminary analysis, adopted from Poulos
(2001).

The load-settlement behavior of the piled raft foundation calculated using the PDR
approach tends to be in good agreement with the one obtained from more rigorous numerical
methods (Poulos, 2001). Additionally, Nguyen et al. (2013Db) reported that in this simplified
approach, only the interaction between the piles and the raft is taken into account with the

factor op and the interaction between the piles in the pile group is not considered.
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C. Pressiometric method

Combarieu and Evrard (1979) proposed the following calculation method of a piled raft
foundation based on the pressiometric methods commonly used for the traditional foundation,
shallow or deep foundations. It has the advantage of being applicable from geotechnical tests

which are now very widespread.

Q =Qq+nXQu+nx(uxFy) (1.10)
Qs = (S5 —nx Sp) X ks X (P, — qo) (L.11)
Qpr = Sp X kp X Py (1.12)
F, =2nR, Y1, X dz (1.13)
where

Qi is the load capacity of the piled raft foundation, Qs is the load capacity of the raft, Qpi is
the load capacity of single pile, Fp is the shaft capacity of the single pile, n is the number of
piles, w is the reduction factor, S, and Ss are the cross-sectional areas of the pile and raft,
respectively, ky and ks are the bearing factors, P is the equivalent net limit pressure, z; is the

unit shaft friction of layer z, and z is the thickness of layer z.

In this method, the ultimate load capacity of a piled raft foundation is considered as the
sum of the ultimate capacities of all piles plus that of the portion of a reduced raft (reduced
raft has a cross-sectional area equal to the cross-sectional area of the raft minus those of all
piles). However, this calculation method neglects all interactions between the pile, raft, and

soil in the piled raft foundations.
1.3.1.3 Load Transfer Mechanism

As the piled rafts are a combined foundation system, they were developed to use the
load-carrying capabilities of both rafts and piles. Therefore, the ultimate load capacity of the
piled raft is composed of the load-carrying capacities of the raft and piles components. The
load distribution at failure in the piled raft system can be expressed as follows:

Qpraue = @r +Qp (1.14)
where

Qpr.uit is the ultimate load capacity of piled raft, Qr and Qp are the load-carrying capacities of

the raft and piles components respectively.
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The ultimate load capacity of the piled rafts was expressed in terms of ultimate load capacities
of unpiled raft and group of piles as it is proposed by Liu et al. (1985), and also Poulos (2000)

as follows:

Qpr,ult = Qur,ult + Qgp,ult (1-15)
where

Quruit and Qgpur are the ultimate load capacities of unpiled raft and group of piles

respectively.

The mobilized stress and the displacement fields of raft overlap with those of piles
within the soil, which creates complex load-carrying mechanisms and different types of
interaction effects. Moreover, the performance of piles in the piled raft is influenced not only
by the vicinity interaction between piles but also by the raft pressure. Due to the interactions
between the raft and piles when they are combined into a piled raft foundation Qrand Qp in
Eq. (1.14) differ from Qur,uit and Qgp.urt in Eq. (1.15), respectively. To address this, Eq. (1.15)
can be modified as it was described by Park and Lee (2014):

Qpr,ult =1y X Qur,ult +1np X Qgp,ult =1y X Qur,ult +1np X Cg D) Qsp,ult (1.16)
where

nr and zp are pile-raft and raft-pile interaction factors respectively; Cq is pile-pile interaction
factor referring to the efficiency of the group of piles. Cq is usually used to assess the load

capacity of the group; Qsp,uit is the ultimate load capacity of single pile.
1.3.1 Piled Raft Interaction

Because of the overlapped stress and displacement fields of the raft and piles in piled
raft systems, inevitable complex interactions inevitably occur. Consequently, these
interactions affect the behavior of the foundation in different aspects depending on the
variation of interaction factors. The piled raft interaction effects should be identified and need
to be considered in foundation design. The fundamental interactions are pile-pile interaction
(P-P), pile-raft interaction (P-R), and raft-pile interaction (R-P) according to (Katzenbach et
al., 2000), which represent the pile group effect and the interactive effects between rafts and

piles as shown in Figure 1.9
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Figure 1.9 Fundamental Piled raft interactions.
e Interaction effect of pile group

The vicinity of the piles affects the load capacity of each pile in the group and on the
settlement of the foundation system. The behavior of a pile group may be different from that
of single pile and the axial load capacity of a group of n piles (Qgp,ut) may be less than n times
the axial load capacity of single pile (Qsp,ui). The pile group interaction effect is characterized
through the pile-pile interaction factor (Cg) which is defined as a ratio of the ultimate load

capacity of a group of n piles to n times the bearing capacity of single pile, as follows:

Ogpauit (1.17)

9 n X Qspult

In the last century some investigations have been carried out to define the value of the
efficiency coefficient Cgsuch as the research works of Feld (1943), Whitaker (1957), Saffery
and Tate (1961), De Mello (1969), Barden and Monckton (1970), Brand et al. (1972), O'Neill
et al. (1982) Briaud et al. (1989). Most experimental evaluations of Cq are applied depending
only on soil conditions and the pile installation method. In conditions of loose to medium
dense sand, Cq = 1 for driven piles and for bored friction piles Cq tends to lower values.
However, in clay soils, Cq is often lower than unity (de Sanctis and Mandolini, 2006).
Nevertheless, the efficiency coefficient also depends on the number of piles and pile spacing
(Cooke, 1986; Frank, 1999). Empirical formulas have also been developed for the evaluation
of the efficiency factor of the pile group such as the Converse-Labarre method (Bolin, 1941)
or the Los Angeles group action method (Das, 2015). Unlike the other methods, these

empirical formulas only consider the plan geometry of the foundation.
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Several efficiency conceptions have been proposed to relate the behavior of a pile group
to that of an individual pile. The most conventional and popular formulas for group of piles in

clay are briefly summarized as follows:
1. Converse-Labarre method (Bolin, 1941):

On the regulatory plan, the formula of Converse-Labarre (Bolin, 1941) was
recommended for identical, vertical and regularly spaced piles. In this formula Cq is given as a
function of the geometric parameters of the group, as follows:

d
arctg(g) 5 [(nz—l)xn1+(n1—1)><n2]
90°

Cyp=1- (1.18)

Ny XNy

where n; and n are the number of rows and the number of piles per row, respectively; d is the

pile diameter and Sp is the pile spacing.
2. Seiler and Keeney method:

For defining the coefficient Cy, Seiler and Keeney (1944) proposed the following

formula:

_ _ 11>(Sp nq{+n,—2 0.3
Co = {1 [7X(Sp2_1)] X [n1+n2—1]} + [n1+n2] (1.19)

where

Spisin ft.

This equation tends to minimize the effect of the number of piles compared to the effect
of pile spacing.
3. Sayed and Bakeer method:

Sayed and Bakeer (1992) proposed a new formula to evaluate the efficiency of pile
group subjected to axial load. It should be applicable for a pile group in both cohesive and

cohesionless soils. The formula of Cgq in this method accounts for the three dimensional

geometry of the pile group as follows:

(nz—1)><Sp+d]+[(n1—1)><5p+d]} (1.20)

TTXNq XNy Xd

Cg=2><{[
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4. Code "Fascicule 62-V,":

The Code of Practice, called "Fascicule 62 —Titre V," was approved and officially
adopted in France by the Ministry of Equipment, Housing and Transport in March 1993
(MELT, 1993).

This code is very directive on the values of the coefficient of efficiency to adopt. For
cohesive soils, the group effect is neglected if the pile spacing Sp is greater than 3d.
Otherwise, the coefficient of efficiency can be evaluated by the following equation:

S.
Cp=0.25x (1+2) (1.21)
According to this formula, it can be seen that the effect of the number of piles is
neglected.
5. Das method:

Das (2015) developed another formula for the coefficient of efficiency Cg:

C _ 2x(ngt+ny—2)XSp+4d

g DPXNq XNy

(1.22)

where
p is the perimeter of the cross section of pile.

In this formula, Cg somehow represents the ratio between the perimeter of the cross
section of the pile block and the sum of the perimeter of all piles.

6. Los Angeles group action method (Das,2015):

Cp=1— ——[ny(ny — 1) + ny(ny — 1) +V2(ny — D (n; — 1)] (1.23)

XSy X11 XN,

7. McCabe and Lehane method:

McCabe and Lehane (2006) also suggested a conception for Cq as a function of the

geometric parameters of the group of piles as follows:

(B_g)0'66
Cg=—2— (1.24)
where
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By and B, are the diameter of pile envelope of the pile group and diameter of the pile,

respectively; n is the number of piles.

Other methods, e.g., those of Feld (1943) and Whitaker (1957) were also developed for
the efficiency of a group of piles. In the method of Feld, the coefficient of efficiency Cq4 takes
values between 0.72 and 0.94 depending on the number of piles. Based on the results of the
experimental models, Whitaker (1957) established design charts for determining the pile
group efficiency. These charts are adopted in the design manuals of the U.S. Army Corps of
Engineers and the U.S. Navy.

e Interaction effects between rafts and piles

For building projects, the group of piles is often connected by a concrete raft cast on the
ground; the presence of the raft can modify the behavior of the group of piles which is
expressed by the raft-pile interaction. On the other hand, the pile-raft interaction presents an
effect on the raft performance due to the existence of piles underneath the raft. These
interaction mechanisms are expressed by the pile-raft and raft-pile interaction factors
representing the ratios of load-carrying capacities of piled raft components Qr and Qp to the
ultimate load capacities of unpiled raft and group of piles as written in Egs. 5 and 6,
respectively.

n, = —2 (1.25)
Qur,ult
)
M= oo (1.26)

The presence of the raft on the piles' head affects the performance of these piles in two
different aspects, positive and negative impacts, regarding load-carrying capacity (Katzenbach
et al. 2000). The increased pile skin friction is caused by an increase of confining stress in the
soil surrounding the piles by raft pressure (Katzenbach et al. 2000), which is the positive
effect. The effect of increasing confining stress can vary depending on the loading rate and
the pile configuration. In contrast, the negative effect, as reported by Han and Ye (2006),
represents less mobilization of pile friction because of the decreased relative displacement
between the piles and the surrounding soil, as the subsoil is forced to move down upon

loading.

The P-R interaction represents changes in the raft performance caused by the bearing

mechanism of the piles. According to Park and Lee (2014), the mobilization of the pile
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friction produces downward displacements of the surrounding soil, which causes a decrease in

the contact pressure between the raft and the underlying soil with less load-carrying capacity.

Recently, various research studies have been performed to investigate the interaction
behavior in the piled raft systems, several conceptions are proposed to estimate the interaction

factors. Recent studies are summarized in Table 1.1.

Table 1.1 Conceptions of interaction factors of piled raft system by several researchers

Interaction Conception Reference Consideration
Pile-Raft In (Tr/r ) Randolph (1994) The pile and raft sizes
p
a=1—-—F7——7-+<
Tm
In ( /rp)
Pile-Raft o ky ( Pr) Clancy and Randolph (1996) The stiffness of raft and piles
= — | W —_—
P ke
Pile-Raft (Ag/ ) de Sanctis and Mandolini The pile layout and geometry.
A
apyy =1-3 S (2006)
14
(*/s,)
Pile-Pile . = Awy, Nguyen et al. (2013b) The effect of adjacent pile on
i =
w1;Q; single pile
Pile-Raft = Aw The change in settlement and
n the piles number in the piled raft
Kumar and Choudhury
Pile-Raft 026 The settlement dependence
' ay = 1—el055("5,) ] (2018) P
Raft-Pile % The efficiency factors

arp = (n— ) Qur

Pile-Raft Deb and Pal (2019) The settlement dependence

ﬂpr =1.6 (W/BT)O.ZS

Raft-Pile g = 1 Bor The efficiency factors
T 1—apg  (Qur
(% 00)

Nomenclature: r; is the raft diameter; r, is the pile diameter; k, is the pile group stiffness; k; is the raft stiffness;
Pp is the load carried by piles in the piled raft foundation; P, is the load carried by raft in piled raft foundation;
Wy IS the settlement of piled raft foundation; Aq is the area defined by perimeter line of piles; A is the raft area; Sy
is the pile spacing; By and B, are the pile diameter and the raft width, respectively; Awy is the change in
settlement of pile; wy; is the settlement due to unit load of pile; Q; is the load on pile; AW is the additional
settlement caused by a pile for the raft; n is the piles number; Qe is the load carrying capacity of pile group; Qsp
is the load carrying capacity of single pile; w is the settlement; # is the piled raft efficiency factor; apr is the load

sharing ratio; Qur is the load carrying capacity of unpiled raft.
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2.3.1 Load sharing behavior

The piled raft foundation is a combination of piles and raft based on the concept of load
sharing between their components. Referring to the PDR and Burland approaches in the above
sections, the sharing of the applied load mainly depends on the settlement levels (Figures 1.6
and 1.8). At the initial settlement range, the total load is carried by piles. After this settlement
range, for a settlement large enough to mobilize the full capacity of piles, a considerable part
of the applied load will be taken by the raft.

The load sharing behavior can be defined using the load sharing ratio which represents
the ratio of the load carried by piles to the total applied load on the piled raft foundation, this
load sharing ratio is given as follows:

& (1.27)
Qpr Qpr

(Xp =
Clancy and Randolph (1996) proposed an expression for the load sharing ratio ap in

terms of the pile and raft stiffness as follows:

(1_irp)(kr/kp)

=1- 1+(1—2irp)(kr/kp)

ap (1.28)

where
irp IS the R-P interaction factor.

Lee et al (2014) proposed an expression of the load sharing ratio based on the
hyperbolic load settlement relation. This proposed expression depends on the normalized

settlement and geometry of the piled raft components as follows:

1

a, = ppTG (1.29)
apAp+bp /Br)]
(ﬁs‘)[ ar+br(s/31,) i
where
5=%§ (1.30)
ﬁ:% (1.31)

As is the foundation size ratio = Bp/Br; f is the load capacity interaction factor; ar, br, ap and bp
are the model parameters for normalized relationship = 0.02, 0.8, 0.01 and 0.9 respectively;

s is the settlement.
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Lee et al. (2014) suggested a value of unity for the load capacity interaction factor (p =
1). They reported that in clay, the interaction effects of piled raft foundation are not very
significant. However, the interaction effects are probably not very significant but may
produce a different load-carrying behavior from that of the unpiled raft and group of piles.
Lee et al. (2015) investigated the load sharing mechanism of the piled raft system in the sand.
They found that the interaction effects are significant in the sand, and they proposed an

expression for the load capacity interaction factor f as a function of settlement:
—0.32
B =009() (1.32)

1.3.2 Approximate numerical analysis method

A. Strip-on-springs approach (GASP)

Poulos (1991) presented an example of the "strip on springs" approach to investigate the
performance of the piled strip foundation, considering the strip as beams of identical length,
and piles as springs of similar stiffness in an elastic continuum of soil volume as shown in
Figure 1.10. An approximate contribution is made for all interaction components. The effects
of the raft parts outside the strip section are considered by calculating the free field soil
settlements from these parts. These settlements are then included in the analysis, and the strip
section is examined to get the settlements and moments from the applied load on the strip

section and to the soil settlements due to the sections outside the raft.
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Figure 1.10 Schematic description of piled strip problem via GASP approach (Poulos, 1991)

The non-linearity of the soil is considered approximately via limiting the strip-soil
contact pressures to not overestimate the bearing capacity, in compression and the raft uplift
capability, in tension. Moreover, the approximate allowance also results in a limitation of the
pile-soil contact to not exceed the compressive and uplift capacities of the piles. However, the
bearing capacities of piles should be pre-defined and are often considered to be the same as
those for separated piles. In the comparative study between the different analysis methods of
piled raft foundation conducted by Poulos (2001), the results obtained from the “strip on
spring” approach were in good agreement with those obtained from the more rigorous
numerical method. Nevertheless, as mentioned in the above sections, the raft pressures on the
soil surrounding the piles can have a positive effect on the piles' performance, as reported by
Katzenbach et al. (2000). Thus, the assumptions required in modeling the piles in the GASP

approach can be conservative.
B. Plate-on-Springs approach

In this method, the raft is represented by an elastic plate, and the piles are modeled as

interacting springs in an elastic continuum of a soil volume (Clancy and Randolph, 1993,
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Randolph, 1994). Poulos (1994) used the finite-difference analysis for the plate and allowing
for multiple interactions via elastic solutions. Allowance is made for layering of the soil, the
effects of piles attaining their ultimate capacity, the development of bearing capacity collapse
beneath the raft, and the presence of free-field soil settlements acting on the piled raft system.
The involved approximations are similar to those used in the previous approach mentioned

above for piled strips.

Sales et al. (2000) replaced the finite difference analysis for the raft with a finite
element analysis and used a modified approach to take into account the development of the

bearing capacity in the piles.
1.3.3 More rigorous numerical analysis method

Since the overall load response of piled raft is related to a complex soil-structure
interaction scheme. This model of the foundation is classified in the category of complex
geotechnical constructions in Eurocode 7 (Geotechnical Category 3), and therefore, the more
rigorous numerical methods seem to be the most reliable options. The most common
numerical methods used to simulate the piled raft foundations are mainly the finite element
method (FEM), the boundary element method (BEM), and the finite difference method
(FDM), or a combination of two or more of these methods. Although the two-dimensional
equivalents (axisymmetric equivalent model, equivalent two-dimensional model, plane strain
local model) are still frequently used because they lead to smaller numerical models in terms
of the number of nodes and elements, they involve many conservative assumptions and have
serious limitations (especially concerning ground motions within the pile group). Figure 1.11
shows the geometric modeling of a piled raft foundation in; plane deformations,
axisymmetric, and three-dimensional. As shown in Figure 1.11a, the piles in the numerical
modeling using 2D plane deformations, are assimilated to a continuous wall. Thus, they must
be assigned an equivalent rigidity equals to that of a whole row of piles (Desai, 1974). The
second method is illustrated in Figure 1-11b, where the pile configurations are likened to
concentric rings. Studies using this method show that the load transfer mechanisms within the
platform are found to be imperfectly modeled. However, resorting to 3D finite difference or
finite element analyses seems to be the most reliable option, since complex geometries and
multiple interactions can be explicitly considered. However, these numerical methods imply a
greater discretization of the elements and require a large computation memory with high-

speed processors.
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(a) (b) (c)

Figure 1.11 Simulation approaches of piled raft foundation, (a) plane deformations (b)

axisymmetric, and (c) three-dimensional, adopted from Nguyen (2008)
1.4 A brief review of studies on piled raft foundations

This part summarizes various studies published in peer reviewed journals. These studies are

classified into experimental and analytical studies.
1.4.1 Experimental studies

Kishida and Meyerhof (1965) analyzed model tests on pile groups and piled raft
foundations with different configurations under central and eccentric loads in sands. They
reported that the total bearing capacity of piled raft foundations can be estimated from the
bearing capacity of the pile group taking into account the raft effect. This effect includes the
bearing capacity of the raft and its overloading effect on the end bearing of the piles, using the
entire raft for individual pile failure for groups with large spacing (Figure 1.12b). Or using the
outside edge of the raft outside the equivalent area of the piles for bloc failure for groups with

close spacing. (Figure 1.12a).
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Figure 1.12 Failure zone of the piled raft foundation (a) equivalent pile failure (b) individual
pile failure. (Kishida and Meyerhof 1965).
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Akinmusuru (1980) carried out laboratory tests on a piled raft, pile group, and unpiled
raft in dry sand and showed that the bearing capacity of the piled raft foundation exceeds the
sum of the bearing capacity of the pile group and the unpiled raft. This is because the bearing
capacity of the piles is increased by the raft pressure on the soil between piles (the pile-raft
interaction effect). Besides, the author observed that the load-carrying capacity of the raft in
the piled raft was similar to that of the unpiled raft. Based on these observations, the author
proposed a formula (Eq. 1.33) for the bearing capacity of piled raft foundations:

Qpr = a X Qgp + Qr (1.33)

where Qpr is the bearing capacity of the piled raft foundation, Qgp is the bearing capacity of
the pile group, Qr is the bearing capacity of the unpiled raft, and « is the ratio of the load-
carrying capacity of piles in the piled raft on the bearing capacity of the pile group (the pile-
raft interaction effect). The author stated that o is always greater than unity. Where, o is

influenced by pile length, pile spacing, soil conditions, and pile installation method.

Cooke (1986) performed an experimental study on different types of foundations such as
unpiled raft, pile group, and piled raft foundations with different sizes in stiff clay. He found
that the stiffness of the piled raft foundation increase by 30% to that of the pile group. He also
observed that in the case of a rigid raft, the load distribution between piles under the rigid raft
depends on their number and their spacing. The author stated that the corner piles and side

piles support at least twice and 1.5 times the load carried by the inner piles, respectively.

Phung (1993) carried out field tests for different types of foundations, single pile, pile
group, and piled raft in sandy soils. He found that the piled raft behavior is mainly governed
by the raft-pile interaction, which causes an increase in the frictional resistance of the pile
shaft due to the pressure of the raft on the ground. He concluded that the load sharing between
the piles and the raft in the piled raft system generally depends on the construction procedure.
This influence can be significant only at the initial loading process. He also reported that as
soon as the raft comes into good contact with the piles and the soil surface, the load sharing
will be governed by the settlement. For very low settlement, the piles take a large part of the
load. For a settlement large enough to mobilize the full capacity of the piles, a considerable
part of the applied load will be transferred to the raft. Subsequently, the load sharing between
the components of the piled raft system becomes almost constant. However, the portion of the
load carried by the raft and that taken by the piles also both increased. For the load

distribution between the elements of a pile group or a piled raft foundation in the sandy soils,
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the author showed that the inner piles often have a greater capacity compared to the corner
pile and the edge pile. Phung also stated that the existing calculation methods, based on the
theory of elasticity are inaccurate and unlikely to result in optimum design when predicting
the behavior of the piled raft foundation in which the piles are close or in failure. So, the

analysis methods based on the elastoplastic soil model are strongly needed.

It can be noted that there is a contrast between the results of the above studies regarding
the load distribution between piles in the piled raft foundation. This can be attributed to the
fact that the authors compared the load carried by each pile at a different level of the

settlement where the load distribution between piles can depend on the settlement level.

Horikoshi and Randolph (1996) reported results of centrifuge tests on models of a
flexible circular raft set on a group of piles embedded in clay. The authors focused on the
differential settlement across the raft and the load transferred to the pile group. The general
section of the centrifuge package is shown in Figure 1.13. They concluded that even a small
group of piles can significantly reduce the differential settlement of the raft and they also
showed that a small raft on piles could significantly increase the bearing capacity of the

system, because of the direct transfer of load to the soil through the raft.

Displacement transducers

Water supply

3

pottom sand

Drahed water

Figure 1.13 General section of centrifuge package (Horikoshi and Randolph,1996)

Conte et al. (2003) extended the experimental work of Horikoshi and Randolph (1996)
and performed centrifuge tests on models of square pile groups and piled raft foundations in
clay soil. They found that the central piles below the raft can be loaded near full capacity
without compromising the stability of the foundation. They also found that the stiffness of
piled raft foundation Rm increases with increasing factor parameters. and can be given as

follows:
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Ry =& x |2 (2.2)

Ag L

where Aris the raft surface, Aq is the planner section of the pile group, n is piles number, s is
pile spacing, and L is pile length.

Lee and Chung (2005) performed model tests on pile group and piled raft foundations to
assess the influence of the raft on pile group behavior. All the pile groups in this study consist
of nine piles (3 x 3) driven into dense sand (Figure 1.14). They found that the pressure of the
raft on the soil surface causes an increase in the frictional resistance of the pile shaft and this

effect depends on the pile spacing and their positions.

Figure 1.14 Diagram of the test setup (Lee et Chung, 2005)

Fioravante et al. (2008) carried out a centrifuge test on a circular raft set on piles
embedded in an over-consolidated clay. They found that the load distribution between the
piles below the raft is not uniform and the pile load transfer mechanism under a raft differed
from that of a single pile. They also found that the contribution of the raft begins when the
piles approach their ultimate capacity state. Moreover, the authors observed that raft
settlement decreases with the increase in the number of piles.

The uniformity of the load distribution between piles beneath a raft should depend on the
uniformity of the configuration of piles and can also depend on the raft shape and their
rigidity.

Nguyen et al. (2013a) carried out an experimental study using a centrifuge test on models
of piled raft foundations in dry sand. The same flexible raft was considered for two models of
piled raft foundations set on the same number of piles in different piles arrangement, a

uniform, and a concentrated pile arrangement. another model with a rigid raft set on
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concentrated pile arrangement was also examined in this experimental test by the authors. To
verify the reliability of these tests, they carried out numerical simulations using the Plaxis 3D
software. Nguyen et al. (2013a) concluded that the concentrated pile arrangement case can
lead to a decrease in total and differential settlements of about 30-40% compared to the
uniform arrangement case. Besides, this case also makes it possible to reduce the bending

moment and to limit the development of the maximum bending moment of the raft.

It should be mentioned that Cooke (1986) found that the corner piles and side piles
support at least twice and 1.5 times the load carried by the inner piles, respectively. Therefore,
the pile arrangement effect on the performance of the foundation should be identified as a

function of settlement level, working state, and ultimate state.

Park and Lee (2014) performed a centrifuge test using different types of the foundation
model in the sand of different densities. Single pile, pile group, unpiled raft, and piled raft
foundations were adopted in the test to analyze the different interaction effects of the piled
raft foundation. Figure 1.15 shows the schematic view of the conducted centrifuge test and
model foundations. They observed that the load-settlement curves of piled raft foundations are
similar to those of pile groups in the initial loading stage and have become similar to those of
unpiled raft with increased loading. The interaction factors of the piled raft foundations all
showed dependent variations with the settlement. So that the pile-raft, raft-pile interaction
factors, and the pile group efficiency caused by the pile-pile interaction decreased with the
initial range of settlement and increased with the increasing settlement. They found that the
range of the pile-raft interaction factor is much larger than that of the raft-pile interaction

factor. A schematic of different piled raft interactions is shown in Figure 1.16.
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Figure 1.15 Schematic view of the centrifuge test and model foundations adapted from Park
and Lee (2014)
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Figure 1.16 Schematic view of pile-pile, raft-pile, and pile-raft interactions for piled raft
foundation (Park and Lee 2014)

Park and Lee (2015) performed centrifuge tests on different foundation models to assess
the interaction effects of piled raft foundations in the case of soft and stiff clay conditions.
They found that the pile group effect in clays is significant over the initial loading range and
becomes less pronounced with the increasing settlement. According to the authors, the values
of the interaction factors raft-pile, pile-raft varied initially, which converges to certain values
around unity with the increasing settlement. The authors also reported that the decrease in the
bearing capacity of the raft in piled raft foundation compared to that of the unpiled raft was
due to the downward movement of the underlying soils near the surface, which resulted in a
reduction of the contact pressure between the raft and the soil. The load distribution between
piles in the piled raft is also studied in the experimental test. For the case of the stiff clay, the
authors observed that the corner piles carried a higher portion of the load than the central
piles. They explained that the lower load capacity of the central pile was due to the decrease
in the shaft friction of the pile. However, the difference in the load responses of each pile in

the group was not significant for the case of the soft clay.

In these two experimental tests of Park and Lee (2014, 2015), the effects of both pile-
spacing and the number of piles on the interaction behavior of piled raft foundations are not
studied. While these parameters should be the major factor in the piled raft foundation design.

Patil et al. (2015) conducted experimental laboratory tests to study the piled raft
behavior under vertical loading in the case of sandy soil. VVarious models were considered

including the unpiled raft and piled raft model with different pile configurations. Figure 1.17
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shows the piled raft configurations considered in these experimental tests. The authors
observed that the efficiency of the piled raft system in reducing settlement was minimal
beyond a certain number of piles and that raft-soil stiffness has minimal effect on the load-
settlement response for a given number of piles. However, the increase in the number of piles
has a significant effect on the load-settlement response for a given raft-soil stiffness. Patil et
al. (2015) concluded that the load carried by the raft in the piled raft decreases slightly with
increasing the raft-soil stiffness for a given number of piles while, the increase in the number

of piles decreases the contribution of the raft, for a given stiffness of the raft-soil.
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Figure 1.17 Piled raft configurations considered in these experimental tests (Patil et al. 2015)

(unit: mm)
1.4.2 Analytical and numerical studies

Hooper (1973) was the first who used the finite element method to understand the

complex interaction of the piled raft foundations.

Zhuang and Lee (1994) used the finite element method to identify the load distribution
between piles in the piled raft foundation. They noted that the load distribution between piles
was affected by pile stiffness, raft stiffness, and pile length/width ratio. They also observed
that as the pile length increases and the raft and piles stiffness decrease, the load distribution

becomes more uniform.

Russo (1998) developed a numerical method for piled raft foundation, which considers
the non-linearity of the unilateral contact at the interface between the raft and the soil, and the

nonlinear load-settlement response. He reported that nonlinear analysis should be considered
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for the piled raft foundation because piles serve as settlement reducers and their ultimate load

capacity can be reached.

Poulos (2001) summarized the philosophy of using piles as settlement reducers and
described the main requirements for piled raft foundation design methods. He made a
comparison between the capacities and the limits of the current analysis methods of the piled
raft behavior such as the simplified methods of analysis (the method of Poulos-Davis-
Randolph (PDR) and the approach of Burland), approximate numerical methods (the Strip on
Springs approach (GASP) and the Plate on Springs approach (GARP)) and the more rigorous
numerical methods using the code FLAC 2D and 3D (Figure 1.18). He concluded that the
simplified analytical methods can be used with some confidence for preliminary design
purposes. However, the more complex analyses left for the detailed design phase, and that the
two-dimensional analyses can lead to severe overestimates of settlement and pile loads due to
the plane strain assumptions that are intrinsically present. Three-dimensional analyses are
potentially the most accurate numerical methods available for the analysis of piled raft
foundations. However, setting them up and running takes a long time. Moreover, Poulos noted
that when the unpiled raft does not satisfy the design requirements, using a limited number of
piles could improve the bearing capacity, the total and differential settlement behavior.

Total load (MN)

PDR method
GARPS
GASP
FLAC 2-D
FLAC 3-D

0 | | | ] | |
0 20 40 60 80 100 120 140

Central Settlement (mm)

Figure 1.18 Comparison of different load-settlement analysis methods (Poulos 2001)

Reul and Randolph (2003) carried out an analysis of piled raft foundation embedded in

an over-consolidated clay using the 3D finite element method. They observed that the raft-pile
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interaction leads to an increase in the friction of the shaft of the piles with an increase in load

or an increase in settlement.

de Sanctis and Mandolini (2006) performed a parametric study on various
configurations of piled raft foundations using 3D finite element analysis. The authors focused
on developing a simple conception to evaluate the bearing capacity of a piled raft foundation
as a function of the unpiled raft and pile group bearing capacities, which can be simply
evaluated by conventional bearing capacity theories. Figure 1.19 shows the piled raft
configurations considered in this parametric study and also illustrats the mesh around the
piles. Based on the numerical results, de Sanctis and Mandolini (2006) proposed a formula for
the failure load coefficient #r representing the effect of piles on the performance of the raft in
the piled raft. They also suggested a value of unity for the failure load coefficient #p

representing the effect of the raft on the performance of the piles in the piled raft.

The suggestion of de Sanctis and Mandolini (2006), maybe limited for soft clays and
under undrained conditions. However, for drained conditions, the interaction coefficient #p
may not be equal to 1 due to changes in the confinement stresses caused by the raft pressure

on the soil surface, consequently an increase in the lateral friction resistance of piles.
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Figure 1.19 3D Parametric study of (a) piled raft configurations (b) finite element mesh
around the pile (de Sanctis and Mandolini 2006)
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Lee et al. (2010) carried out a series of 3D elastoplastic finite element analyses to study
the behavior of the bearing capacity of a piled raft foundation subjected to vertical loading in
soft and stiff clays by varying several parameters such as the pile configurations and length of
the piles using different loading types. The 3D finite element mesh and the considered
boundary conditions are shown in Figure 1.20. Lee et al. (2010) concluded that in clays, the
use of a limited number of strategically-located piles could improve the bearing capacity and
settlement performance of the foundation. The authors reported that the average settlement
ratio decreases nonlinearly with the increase of the factor of safety and is influenced by the
soil rigidity.

Nevertheless, because of the large amount of storage and the time needed in the 3D
computations, the effects of soil conditions and pile configurations are not studied
sufficiently, and the design formulas that can account for the settlement variation
characteristics with the overall factor of safety of piled raft foundation under different soil

conditions are not done.

Figure 1.20 Typical mesh and boundary condition (Lee et al. 2010)

Cho et al. (2012) extended the research work of Lee et al. (2010) focusing on the load-
settlement response of the piled raft foundation in clays using 3D finite element analyses.
They found that the average settlement can be effectively reduced with wider pile spacing
under the same number of piles. Moreover, the efficiency of piles in a piled raft foundation
was maximized when the magnitude of the total applied load was similar to the ultimate load
capacity of the pile groups. They also showed that the reduction ratio of soft clay (the ratio
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between the average settlement of the piled raft foundation and the average settlement of the
unpiled raft) was relatively smaller than that of stiff clay, although the real average settlement
in the case of soft clay is larger than that in the case of stiff clay. The authors found that
differential settlement was impressed not only by the number and length of piles but also by

the load level.

Based on an analytical solution to investigate the load-settlement response and the
bearing capacity behavior of the piled raft foundation by focusing on the nonlinear behavior
of the load sharing between the raft and piles in piled raft foundations, Lee et al. (2014)
proposed a load-sharing model using the nonlinear load—settlement response considering piled
raft interaction effect by introducing a load capacity interaction factor (5). Based on the
suggested load-sharing model, the load-sharing ratio a, decreases considerably at an initial

settlement level beyond which op decreases slightly as the settlement further increases.

The same authors also reported that the interaction effects of the piled raft foundations
are not very significant for clay soils (6 = 1), based on the results of the centrifuge test
performed in their study. This may be limited in their case where the centrifuge test was
performed for a given number and spacing of piles, although the interaction effects of piled
raft foundations are influenced by various design parameters such as the number of piles and
the pile spacing (Cooke 1986; Poulos 2001).

In 2015, the authors performed a series of 3D finite element analyses using the Plaxis
software, to study the load-settlement response and the bearing capacity of the piled raft
foundation embedded in sandy soils. They stated that the interaction effects of the piled raft
foundation are significant in the case of sandy soils and that the unit value for the g factor
may be limited for clay soils. Based on the numerical results, they proposed a design of the

factor $ as a function of settlement.

Using 3D finite element analysis, Park et al. (2016) studied the load-sharing behavior of
the piled raft foundation installed with driven piles in sand. Various foundation types and pile
configurations were considered in the analyses as shown in Figure 1.21. The authors aimed to
identify the effect of the piles' installation method on the load sharing of the piled raft
foundation. They observed that the values of the load sharing ratio in the case of driven piles
were higher than those in the case of bored piles at the initial settlement level. However, after
this level of settlement, the load sharing behavior becomes very similar in both cases of
driven or bored piles. Therefore, they concluded that the load sharing model proposed by Lee

et al. (2015) can be applied either in the case of driven or bored piles.
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Figure 1.21 Pile configurations foundation types are considered in the numerical

analysis carried out by Park et al. (2016).

Alshenawy et al. (2016) performed a series of 3D numerical analyses using the finite
element method to study the load sharing ratio ap of the piled raft foundation in the case of
sandy soils. They concluded that the «, ratio increases when the load-settlement curve is
linear and decreases when the curve is nonlinear. They also found that the sand density is not
the governing factor affecting the increase or decrease in the ap ratio. Additionally, the
influence of the incremental increase in pile length on the op ratio is more pronounced in short
piles. The authors reported that the raft thickness has a negligible effect on the ap, while the

coefficient ap decreases with the increase in the pile spacing.

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 40



Chapter 1 Literature review on analysis methods of piled rafts

The increase or the decrease of the load sharing ratio depends on the bearing capacity of
piles. Wherein, the ap ratio increases for a very law settlement range, which is not enough to
mobilize the full capacity of the piles. However, for a settlement large enough to mobilize the
full capacity of the piles, a considerable part of the applied load will be transferred to the raft
(Phung 1993), consequently the ap ratio increases. Moreover, Alshenawy et al. (2016)
reported that the raft is assumed to be rigid for all considered thicknesses and therefore, no
noticeable effect of the raft thickness on the ap was noted.

Sinha and Hanna (2016) developed a 3D finite element model to examine the effect of
governing parameters on the performance of piled raft foundations. Based on this developed
model, they performed a parametric study using Abaqus software. From the results of this
model, they concluded that a mesh of 30 times the pile diameter and twice its length is
sufficient to examine the stated problem without boundary effects. However, the distance of
the lateral borders should be proportional to the width of the raft not to the diameter of the
pile, and also to the loading rate. They also found that the raft settlement increases with
increasing pile spacing and decreases with increasing pile diameter (d) and length (L). The
authors reported that for a pile spacing Sp greater than 6d, the piled raft foundation tends to
behave as an unpiled raft. It should be noted that despite the case of a very wide pile spacing
(Sp> 6d), the increase in the number of piles can significantly affect the bearing capacity and
the settlement performance of the raft.

Alnuaim et al. (2017) examined the performance of the piled raft foundation subjected
to a vertical load and installed in sand, using a 3D finite element model to evaluate the effects
of certain parameters on the load sharing mechanism such as raft thickness and width, pile
diameter and spacing. The proposed modelling procedure was validated using experimental
results from centrifuge tests. The authors found that the load carried by piles in the piled raft
foundation was higher for the cases of the piled raft with a rigid raft compared to the case of a
flexible raft. They explained that by the minimal interaction between the raft and the soil
surface and that the load transmitted by the raft increased when the raft width increases. Also,
they concluded that the portion of the load carried by the piles increased with the increase in

the diameter of the pile.

Ghalesari and Choobbasti (2018) performed a parametric study using a 3D finite
element method to study the settlement and bearing behavior of the piled raft foundation in
clay. They found that the performance of the piled raft foundation is affected by the

underlying soil conditions. Wherein, installing the foundation in a more rigid clay with higher
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plasticity (CH) not only helps to improve the bearing capacity of the foundation but also
decreases the average and differential settlements. The authors also reported that the pile
arrangement and the geometry of the piled raft foundation have important effects on the
bearing capacity and settlement performance. Although the performance of the piled raft
foundation improved with the increase of the number and the length of the piles, and the raft
thickness, there is an extent to which the increase in these parameters has little improvement
effects. The authors also observed that for a given number of piles, increasing the pile spacing
increases the bearing capacity of the foundation while the pile diameter has no significant
effect on the bearing capacity. They concluded that the pile length is the most effective factor

in determining the bearing capacity of a piled raft foundation.

Deb and Pal (2019) carried out a 3D parametric study using the finite element analysis
for different types of foundations, piled raft, pile group, and unpiled raft, in clayey soil
underlain by sandy soil taking various design parameters. In this parametric study, the authors
developed prediction models to assess the load sharing ratio and interaction factors for piled
raft foundations, subjected to vertical load, taking into account both safety and service
conditions. However, because of the combined nature of the piled raft foundation, the failure
interaction factors should be evaluated with caution, taking into account the different
component sizes of the piled raft system which was not considered by the authors in this

study.

Mali and Singh (2018) used a 3D numerical model to investigate the effect of various
parameters such as spacing, length, and diameter of piles, and raft-soil stiffness ratio on the
settlement, load-sharing, bending moments, and shear force behavior of large piled raft
foundation. Different pile configurations were considered by the authors. Based on the
obtained results, they reported that the average and differential settlement ratio decreased
markedly with the increase of pile spacing up to 5d - 6d beyond which, it increased
progressively. They observed that piled raft with the lower raft-soil stiffness ratio and larger
pile group to raft width ratio was influential in decreasing the average settlement ratio. The
authors also stated that the load sharing ratio decreased with the increase in pile spacing, and
it is proportional to the pile length. While the bending moment ratio is proportional to pile
spacing, and decreases with the increase in pile length up to pile group to raft width ratio of

about 0.6 beyond which, it increased.
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15 Summary

This chapter reviewed the literature on the analysis methods of the piled raft foundation
where a classification of the analysis methods for the behavior of piled raft foundations is
presented. The advantages and the limitations of each method are also outlined in this chapter.
As concluded by several researchers such as Poulos, Randolph, or other recent researchers,
only the 3D numerical analysis seem to be the most efficient tool to simulate the complex
behavior of this system of foundations. Consequently, it is essential to perform a 3D modeling
of the piled raft foundation with variation of the pile configurations, to correctly analyze the
behavior of the piled raft interactions. Thus in the following chapters, we are interested in
using 3D numerical modeling methods to provide further insight into the mechanical response
of piled raft which helps the engineers to take a logical path in an iterative design process for

a piled raft foundation.

According to all of these recent studies on the piled raft foundations reviewed in this
chapter, a considerable number of research studies on the behavior of piled-raft foundations
were carried out. Important contributions were made to study different aspects of piled-raft
foundations, mainly for the resistant soils such as sands or stiff clays in comparison with those
conducted for soft clay. However, most of these models are complicated due to the use of

complex analytical and numerical approaches.

Despite the research effort carried out to date to assess the piled raft behavior and their
encouraging results, limited research has been dedicated to the development of an optimal
analytical design methodology based on numerical methods. The analytical design
methodology was developed only to access the overall settlement of the piled raft foundation,
but the forecasting of differential settlement is yet to be developed. Also, simple design

models for the ultimate bearing capacity of piled raft are yet to be developed.

For design optimization purposes, further studies are required to provide further insights
into the mechanical response and especially the interaction behavior of piled raft system. This
also will help the engineers into taking a logical path in an iterative design process for a piled
raft foundation. Nevertheless, to study the behavior of piled raft foundation system by using
the numerical tools (FEM, FDM...), only 3D analysis can provide the optimal design

methodology for the complex behavior of piled raft system.
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CHAPTER 2

OVERVIEW OF THE NUMERICAL TOOL USED
AND THE CONSTITUTIVE MODELS

2.1 Introduction

The constitutive models used in this thesis as well as the FLAC®P code (Itasca 2013),

employed to develop the numerical simulations, will be presented in this chapter.

The numerical simulation of the behavior of a piled raft foundation, which is a
combined nature of raft and piles that behave as a unit, a complex system is, which presents in
particular, the extreme nonlinearities, and the multiple interactions between the raft-piles-soil
and the three-dimensional geometry. These complex conditions require a well-adapted
numerical tool. the present chapter presents the principles of the FLAC®P code which was

used for our three-dimensional simulations.

FLAC?Pis a three-dimensional explicit finite-difference program for engineering
mechanics computation, especially for the soil mechanics problems. The code offers a wide
range of capabilities to solve complex problems in mechanics, and especially in
geomechanics. FLACS3P embodies special numerical representations for the mechanical

response of geologic materials.

The writing of this chapter owes a lot to the FLAC®P manual, edited by Itasca (2013).

2.2 Constitutive models

This paragraph will be devoted to the presentation of the different rheological laws
governing the behavior of soils. First, a brief description of the expressions for the case of
isotropic and then orthotropic linear elasticity will be presented. After that, the basis for the
formulation of an elastoplastic law will be laid. Finally, this chapter is interested in a perfectly

plastic elastic model assuming as failure criterion that of Mohr-Coulomb.
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2.2.1 Elastic model group

a.  Elastic, isotropic model

In this elastic, isotropic model, strain increments generate stress increments according to

the linear and reversible law of Hooke:
Ao-ij = ZGAGU + aerkk6ij (21)

where the Einstein summation convention applies, dj; is the Kroenecker delta symbol, and o2

is a material constant related to the bulk modulus, K, and shear modulus, G, as
2

New stress values are then obtained from the relation

O'g = O-ij + AO'l'j (23)

In the FLAC®P code, as above, the writing of the behavior models uses the bulk
modulus K and shear modulus G, rather than the Young Modulus E and the Poisson's v ratio,

the relations between these various parameters are expressed as follows:

E

- 3(1-2v) (2'4)
E
T 2(1+v) (2.5)

b.  Elastic, Orthotropic Model

The orthotropic model accounts for three orthogonal planes of elastic symmetry.
Principal coordinate axes of elasticity, labeled 1°, 2°, 3’ are defined in the directions normal to

those planes.

The incremental strain-stress relations in the local axes have the form

- 1 _ha V13 -
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where the model involves nine independent elastic constants:

E1, E2, E3 are Young’s moduli in the directions of the local axes; G2z, Gi13, G12 are Shear
moduli in planes parallel to the local coordinate planes; and vio, vi3, v23 are Poisson’s ratio
where vij characterizes lateral contraction in local direction i’ caused by tensile stress in local

direction ;.

By virtue of the symmetry of the strain-stress matrix, we have

Ya1 _ V12
Eq E;
V31 _ Vi3
= 2.7)
Yaz _ V23
E; E3

In addition to those nine properties, the user prescribes the orientation of the local axes
by giving the dip and dip direction of the (1°, 2°) plane and the rotation angle between the 1’
axis and the dip direction vector (defined in positive sense from the dip direction vector).

Default values for all properties are zero.

In the FLAC®P implementation of this model, the local stiffness matrix [K] is found by
inversion of the symmetric matrix in Eq. (2.6). Using A[s’] and A[e’] to represent the
incremental stress and strain vectors present in the right and left members of Eq. (2.6), it may

write as follows:

Alo'] = [K']A[€] (2.8)
In the global axes, the incremental stress-strain relations may be expressed as

Alo] = [K]Ale] (2.9)

In FLAC?P, the global stiffness matrix [K] is calculated by applying a transformation of the

form

(K] = [QI"[Q'][Q] (2.10)

where [Q] is a suitable 6 x 6 matrix involving direction cosines of local axes in global axes (Q

is derived from the relations ¢ ij = cikxowixcj where cjj is direction cosine j of local axis i).

In particular, if the local axes are obtained from the global axes by positive rotation

through an angle ¢ about the common 3 = 3’ axis, we have
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The matrix for rotation about the 1 = 1’ or 2 = 2’ axis may be obtained by cyclic

permutation of indices.
2.2.2 Elastoplastic constitutive law

A behavior of isotropic linear elastic type can only be used as a first approach because it
does not allow to consider the irreversible strains. Most materials are, in fact elastoplastic,
their behavior is characterized by the appearance of elastic and irreversible strains. The total

strain is the sum of the elastic e and plastic p strains. It is given by the following equation:
e=¢g°+¢€P (2.12)

Elastoplastic models are based on three fundamental concepts: the load surface, the

strain hardening rule, and the flow rule.
a.  Load surface concept
The load surface divides the stress space into two parts:
o The inside of the load surface corresponds to a state of reversible (elastic) strains;

o The load surface in itself corresponds to a state of strains that can be decomposed as

follows: a reversible part as before and a part of irreversible strains (plastic).

The boundary between these two domains is characterized by a scalar function F termed

the load function:
F(oi;,R) =0 (2.13)
where

aij 1S the stress tensor; R is the ensemble parameters of hardening.
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F(o,R)=0
F<0

Elastic
F<0 domain

Figure 2.1 Load surface concept
Three cases of figure therefore arise:
e F <O0. Inside the surface, this domain is elastic;
e F=0. The elastic strains can be, possibly, accompanied by plastic strains;
e F>0. State of stresses physically impossible in elasto-plasticity.

When the point representative of the state of the stresses reaches the load surface F = 0, two

cases of elastoplastic behaviors are possible (Figure 2.1):
e The load surface does not change and the expression of the load surface, therefore, does
not contain a hardening parameter;

e The load surface changes during loading (elastoplastic model with hardening).

b. Hardening rule concept

The hardening of material results in the evolution of the surface of the threshold of
plasticity. The uniaxial traction (or compression) test (Figure 2.2) will allow us to describe

this notion of hardening.
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Figure 2.2 Uniaxial compression (or tensile) test of a material

Along the path OA the behavior is elastic, which means that, when we unload, we return
to O. The point A, representing the limit point beyond which one no longer has elastic
behavior, corresponds to characteristic stress known as “threshold” of initial plasticity or
“elastic limit”. After having crossed it, and if, being at point B for example, we unload, the
unloading path will not be BAO but BCD. The strain which remains OD = ¢ is an irreversible
strain, known as plastic. We, therefore, entered the plastic domain. If we reload, the path will
be DEF, F being the extension of the OAB path. It then rejoins the path of the first loading.

Generally, we can assimilate the curve BCDEF to the straight line DGH and admit that
the strains are reversible along this line. The new plasticity threshold is then the point H
which is higher than the previous one (A). It is precisely this elevation in the plasticity
threshold which is termed hardening. The elastic range of material, therefore, depends on the

strain hardening state of the material.

The hardening of the material results in the evolution of the surface of the plasticity
threshold. We, therefore, introduce one or more additional variables, termed hardening
variables R. These variables can be chosen arbitrarily on the condition that they allow
translating the evolution of the medium internal state which has sustained plastic strains.
These variables can be, e.g., scalars functions of the plastic strains as for the model of cam
clay (Roscoe and Burland, 1968; Schofield and Wroth, 1968) which uses the plastic volume

strain as a parameter of hardening, or tensors e.qg. &°ij.

In general, we can identify three categories of hardening law:
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- Isotropic hardening

The hardening is called to be isotropic, when the evolution of the load surface is
governed by only one scalar parameter, e.g., the cumulated plastic strain (Figure 2.3).
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Figure 2.3 Description of isotropic hardening in projection: (a) in the deviatory plane; (b) in

the plane caxial — €axial in Simple traction-compression.

Thus, in the plane caxial — €axial IN Simple traction and compression, the traction diagram
succeeding that of compression is deduced from the latter by a homothety of the report (-1)
and of the center, the point of null stress (point A of Figure 2.3). In the deflection plane, the

load surface increases homothetically compared to point B.
- Kinematic hardening

The elasticity domain delimited by the load surface moves by translation in the space of
the principal stresses (Figure 2.4) and without distortion of the initial load surface. the
hardening, in this case, is characterized by a tensor variable defining the center of the load
surface.
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Figure 2.4 Description of kinematic hardening in projection: (a) in the deviatory plane; (b) in

the plane Gaxial — axial IN Simple traction-compression.
- Mixed hardening

For anisotropic hardening, the load surface can sustain in addition to expansion/contraction

and translation, rotation, and strain.
c.  Flow rule concept

The plastic strain increment is characterized by its direction and its amplitude, the
direction of the plastic strain increment is perpendicular to the surface defining the plastic
potential G (oij) = 0. The general shape of the plastic strain increment is given by Eq. 2.11

cited above. The flow rule is said to be either associated or non- associated.
- Associated flow rules

The flow rule is said to be associated with the load surface when the latter coincides
with the surface representative of the plastic potential, which naturally amounts to considering
F=G.

The direction of the plastic strain vector, in the space of the principal strains (confused
with that of the principal stresses), is thus perpendicular to the load surface, F = 0, which

means that to the gradient vector, normal to this surface. This leads to a flow rule of the form.
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oF

14
E.. = /1
tj 6aij

(2.14)

where
A is the plastic multiplier (positive scalar)

For a stress state 6 such as F = 0, two cases are possible:

1% case:
F(o,R)=0
0F(o,R)

py do <0

de = de° and therefore de? = 0

This is a case of unloading and the stress increment is directed towards the interior of the

current elastic domain.

2" case:

F(o,R)=0

OF(a.R) do >0
do

de = de€ + deP

This is a loading case and the stress increment is directed outside the current elastic

domain.

The materials for which the flow rule is said to be associated, are declared to be

standard. This is the case with metals or purely coherent soils.
- Non-associated flow rules

In the case of cohesionless soils, the flow rules are not associated. In this case, the
direction of the plastic strain vector is perpendicular to the surface representative of the plastic
potential, G (o) = 0 which is distinct from that representative of the function of plastic load F
(oij) = 0.

2.2.3 Mohr-Coulomb Model (linear elastic perfectly plastic model)

This is the model used in this thesis to represent the shear failure of the subgrade. This

constitutive law is characterized by an isotropic linear elasticity of Hooke (E, v), a load

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 52



Chapter 2 Overview of the numerical tool used and the constitutive models

surface F (ojj), and a plastic potential G (oij). This is a 5-parameter model. Including 2 elastic

parameters: E and v, and 3 failure parameters (c, ¢, and y) such as:
E: Young's modulus;

v: Poisson coefficient;

c: Cohesion;

¢: Friction angle;

y: Dilation angle.

In Mohr's plane, the shape of the envelope curve of this criterion is a line called the

equation coulomb line:
T = ¢ + o, tan(p) (2.15)
where

on and t correspond respectively to the normal stress and the shear stress on a given surface.

Figure 2.5 Representation of the Mohr-Coulomb criterion in the Mohr plane.

The representation of this criterion in the Mohr plane is given in Figure 2.5. The
intermediate constraint o> does not intervene in its formulation. In the case of a purely

coherent material (¢ = 0), it is said to be the Tresca criterion.

In the space of principal constraints, the area defined by the load function is a pyramid

of which axis is the tri-sector, as shown in Figure 2.6. Its section in the deviatory plane is an
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irregular hexagon, comparable to that of the Tresca criterion (which is a particular case of
Mohr-Coulomb when ¢ = 0).

-0 3
A
Mohr-Coulomb ¢ >0 ~-03

rCC;OtQ

%——62

Figure 2.6 Mohr-Coulomb and Tresca yield surfaces in principal stresses space, (Itasca 2013)
The analytical expression of one of the planes of the pyramid, as a function of the
principal stresses, is given by:

1+sin 2c cos
P o3 — P

F(O-l, 0-2,0-3) = 0-1 - (216)

1-sin¢g 1-sing

where
o1 is the major principal stress; 63 is the minor principal stress.

Another parameter that can be taken into consideration, ot tensile strength, which
corresponds to the introduction of an additional criterion (with its own flow rule) and thus

modifies the initial model of Mohr-Coulomb which does not take into account this parameter.
The plastic shear potential corresponds to a non-associated flow law described by the
equation:

1+sin
_ sy
1-siny

G(O-l, 0-2, 0-3) == 0-1 (217)

When the friction angle ¢ and the dilation angle y are equal, the flow rule is said to be

associated.

The dilatancy is the change in volume that occurs with shear distortion of a material.
Dilatancy is characterized by a dilation angle, w, which is related to the ratio of plastic volume

change to plastic shear strain. This angle can be specified in the Mohr-Coulomb ubiquitous-
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joint and strain-hardening/softening models in FLACZP. Dilation angle is typically determined
from triaxial tests or shear-box tests. For example, the idealized relation for dilatancy, based
upon the Mohr-Coulomb failure surface, is depicted for a triaxial test in Figure 2.7. The
dilation angle is found from the plot of volumetric strain versus axial strain. Note that the
initial slope for this plot corresponds to the elastic regime, while the slope used to measure the

dilation angle corresponds to the plastic regime.
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Figure 2.7 Modeling of dilation y from the triaxial test (Vermeer and de Borst, 1984)

For materials with internal friction of which plasticity criterion is of the Mohr-Coulomb
type, an associated flow rule generally leads to overestimating the swelling which
accompanies plasticization by shear. The bad agreement between the experiment and the
calculations explains the introduction of the non-associated flow rules, of which plastic
deformations derive from a plastic potential of the same mathematical form as the load

function but the friction angle is replaced by the dilation angle y with y < ¢.

It should be noted that Vermeer and de Borst (1984) observed that the values of the
angles of dilation are approximately between 0 ° and 20 ° for soils, rocks, and concrete. The

default value for dilation angle is zero for all the constitutive models in FLAC®P.
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2.3 Description of the FLAC code
2.3.1 Overview

The FLAC user guide established by Itasca (2013) provides us with a detailed
description of the FLAC (Fast Lagrangian Analysis of Continua) code which is designed and
marketed by the Itasca company. It is available in two-dimensional version and three-
dimensional. It is up to the user to work with the version that best satisfies their problem.
Indeed, when the problem to be solved can be modeled in 2 dimensions, FLAC?P makes it
possible to refine as much as possible the meshes or the increments loading, with very
reasonable times. However, some problems are, by their nature, three-dimensional, FLAC®P
then allows them to be simulated, but, given the increase in the number of zones, any
refinement implies considerable computation times but, compared to other software, FLAC®P
remains competitive. However, the explicit, Lagrangian, calculation scheme and the mixed-
discretization zoning technique used in FLACSP ensure that plastic collapse and flow are
modeled very accurately. FLACP offers an ideal analysis tool for solution of three-

dimensional problems in geotechnical engineering.

This finite-difference code was developed to deal with the nonlinear problems of
mechanics applied to geotechnics. Integrating an explicit method of solving the equations of
mechanics, it is necessary to analyze the mechanical stability of the solutions obtained. The
software integrates many constitutive models adaptable to a large number of materials, we can

cite the elastic models, Mohr-Coulomb, Cam-Clay, Drucker-Prager, Double-Yield, etc.
2.3.2 Finite difference method

The finite difference method is one of the oldest methods of numerically solving a
system of differential equations. For initial conditions and given boundary conditions, the
solution is unique. Most of the methods using the finite differences adopt a discretization of
the medium in rectangular meshes exclusively. The approach adopted by Itasca is based on
the method of Wilkins (1964), which allows the formulation of finite difference equations for
any element. We can give them any shape at the limits and vary the properties from one

element to another. From this, it is therefore as efficient as the finite element method.

In the finite difference method, any derivative is directly replaced by an algebraic
expression described in terms of variations at discrete places in space. These variables are
undetermined everywhere else, unlike the finite elements for which shape functions describe

the variations (stresses and displacements) throughout the massif.
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The Flac code uses Lagrangian elements of which geometry is updated at each time
step. This property makes it possible to deal with the problems in large displacements,
without an additional algorithm.

Moreover, the FLAC code is essentially distinguished by its explicit resolution scheme,
which makes it possible not to combine the elementary matrices, thus allowing a substantial
saving in memory space, namely in Random Access Memory (RAM). Indeed, only the
variables at the end of each time step are stored and not the stiffness matrix, as that is the case

for the finite element method.
2.3.3 3D discretization

Grid generation in FLAC®® involves patching together grid shapes of specific
connectivity (referred to as primitives) to form a complete model with the desired geometry.
Several types of primitives are available, and these can be connected and conformed to create

complex three-dimensional geometries.

The FLAC®P grid is generated with the generate zone command. This command
actually accesses a library of primitive shapes; each shape has a specific type of grid
connectivity. The primitive shapes available in FLAC®P, listed in order of increasing
complexity, are summarized, with their associated keyword, in Table 2.1. These primitive

shapes can be applied individually or connected together to create the FLACSP grid.

Table 2.1 Summary of primitive mesh shapes, (Itasca, 2013)

Shape Name Keyword Reference Points

Brick brick 8

Degenerate Brick dbrick 7

Wedge wedge 6
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Pyramid pyramid 5

P , ’ \ Tetrahedron tetrahedron 4
Cylinder cylinder 6

Radial Brick radbrick 15

Radial Tunnel radtunnel 14

P :’;_J_ B Radial Cylinder radcylinder 12
Cylindrical Shell cshell 10

Cylinder Intersection cylint 14
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oA Tunnel Intersection tunint 17

In FLAC?®P, the discretization process begins with the formation of zones according to

the primitive shapes chosen by the user.

Among three-dimensional constant strain-rate elements, tetrahedral have the advantage
of not generating hourglass deformations (i.e., deformation patterns created by combinations
of nodal velocities producing no strain rate and, thus, no nodal force increments). However,
when used in the framework of plasticity, these elements do not provide for enough modes of
deformation. For more detail, the reader can refer to the work of Nagtegaal et al. (1974). In
particular situations, for example, they cannot deform individually without change of volume
as required by certain important constitutive laws. In those cases, the elements are known to
exhibit an over-stiff response as compared to that expected from theory. To overcome this
problem, a process of mixed discretization is applied in FLAC®P, as described by Marti and
Cundall (1982).

The principle of the mixed discretization technique is to give the element more
volumetric flexibility by proper adjustment of the first invariant of the tetrahedral strain-rate
tensor (This invariant gives a measure of the rate of dilation of the constant strain-rate
tetrahedron). In the approach, a coarser discretization in zones is superposed to the tetrahedral
discretization, and the first strain rate invariant of a particular tetrahedron in a zone is
evaluated as the volumetric-average value over all tetrahedral in the zone. The method is
illustrated in Figure 2.8. In the particular mode of deformation sketched there, individual
constant strain-rate elements will experience a volume change incompatible with a theory of
incompressible plastic flow. In this example, however, the volume of the assembly of
tetrahedral (i.e., the zone) remains constant, and application of the mixed discretization
process allows each individual tetrahedron to reflect this property of the zone, hence

reconciling its behavior with that predicted by the theory.
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<

Figure 2.8 Deformation mode for which mixed discretization should be most efficient,
(Itasca, 2013)

In FLAC®P, a zone corresponds to an assembly of n; tetrahedral, as illustrated in Figure
2.9 for the case n; = 5. Consider a particular zone: the strain-rate tensor of a tetrahedron
locally labeled | in that zone is first estimated, and then decomposed into deviatoric and
volumetric parts - i.e.

p_ o1, &

Sij = Mij + 56 (2.18)
where
n 'is the deviatoric strain-rate tensor, and &' is the strain-rate first invariant.
g=¢} (2.19)

The first invariant for the zone is then calculated as the volumetric average value of the

first invariant over all tetrahedral in the zone

Nt rkyk
z _ 2§V

§% = RN (2.20)
where
VK is the volume of tetrahedron k.
Finally, the tetrahedron strain-rate tensor components are calculated from
gz
& =nh+ 5 0ij (2.21)

Dilatant constitutive laws will produce changes in mean normal stress when yielding
occurs. For a consistent technique, the first invariant of the stress tensor, derived after

application of the strain-rate increment, must also be evaluated as a volumetric average for the
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zone. In this process, the stress tensor of a particular tetrahedron | in a zone is first estimated

and decomposed into deviatoric and volumetric parts:
o =si;+0'éy; (2.22)
where

[s]'is the deviatoric strain-rate tensor, and ¢' is the mean normal stress.
1
ol =-df; (2.23)

The first invariant for the zone is calculated as the volumetric average value over all

tetrahedral in the zone:

nt ky k
z _ Lg=19V

= 2.24
SRS (2.24)
Finally, the tetrahedron stress-rate tensor components are calculated using:
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Figure 2.9 An 8-node zone with 2 overlays of 5 tetrahedral in each overlay, (Itasca, 2013)

In FLAC®P, the discretization process starts with the coarser grid: zones are defined and
then discretized (internally) into tetrahedral. An eight-noded zone, for instance, can be
discretized into two (and only two) different configurations of five tetrahedral (corresponding
to overlay 1 and 2 in Figure 1.9). The calculation of nodal forces (based on evaluation of
strain rates and stresses) can be carried out using one overlay or a combination of two
overlays. The advantage of the two overlay approach is to ensure symmetric zone response for
symmetric loading. In this case, mixed discretization is carried out over the combination of
two overlays, and nodal forces computations are evaluated by averaging over the two

overlays.
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2.3.4 Explicit solving scheme

The explicit solving scheme is based on the principle that part of the strain energy
accumulated by the system is converted into kinetic energy which will propagate and dissipate
in the surrounding material. This solving scheme integrates this phenomenon by taking into
consideration the dynamic equations of motion. The unbalance induced in one area will
spread throughout the massif. The objective of the method remains the solving of a static
problem through dynamics. The general calculation sequence integrated into FLAC is shown
in Figure 2.10.

Equilibrium equation
l (Motion equation) |
New velocities and New stresses
new displacements or forces
| _| Stress /strain relationship T
(Constitutive model)

Figure 2.10 FLAC calculation sequence, (Itasca, 2013)

The procedure first uses the equations of motion to calculate the velocities and
displacements from the acceleration, deduced from the resultant of forces and stresses. Recall
that for a deformable solid in a lagrangian frame of reference, Newton's equation of motion is

expressed by:

aui _ aO'ij

Por = ox, T PYI (2.26)

where

p, t, u, X, g, are the density, time, velocity vector, position vector and acceleration due to

volume forces, respectively.

Then the strains are deduced from the displacements (integrals of the velocities), and the

new stresses are determined from the constitutive law.

In each calculation box of Figure 2.10, we update again all variables to be treated
starting from known values which must, them, remained fixed during the calculations in this

box. Thus the calculation of new stresses does not affect the velocities calculated in the
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previous box. This assumption is justified if a small enough time step is chosen so that the
information cannot pass from one element to another during this time interval. Adjacent
elements will therefore not be able to affect each other during a calculation stage. All this is
based on the idea that the velocity of the "computational wave" is always higher than that of
physical waves, which makes it possible to freeze the known and used values for the duration

of the calculations using them.

To constitute an operational algorithm, the motions must be damped to arrive at a
stationary state (equilibrium or permanent flow). The damping used consists in imposing on
each node a damping force of which modulus is proportional to the modulus of the

unbalanced net force and of which direction is such that it always produces negative work.

The stability criterion for controlling the equilibrium state of the entire system is based
on the maximum unbalanced force. The user defines the force below which the residual

unbalance is assumed to be satisfactory.

Unlike the explicit method, in an implicit method, each element communicates with
every other element during a calculation step, so it is necessary to iterate before satisfying
both the equilibrium and compatibility equations. The major disadvantage of the explicit
method is the condition on the time step, when the latter is very small, it may be necessary to
perform a large number of steps before arriving at the static solution. Therefore, the explicit
method proves to be inefficient for all linear problems and in particular in small
displacements. The preferred domain of the method would be more the study of non-linear

systems and large displacements.
2.3.5 Modeling methodology

To install a model to perform a simulation with FLAC, the following logical steps must be

followed:

o Grid generation;

o Choice of constitutive model and material properties;
o Boundary and initial conditions;

o Loading and sequential modeling;

o Ways to improve modeling efficiency; and

o Interpretation of results.
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2.3.6 Interfaces

There are several instances in geomechanics in which it is desirable to represent planes
on which sliding or separation can occur, e.g. joint, fault, or bedding planes in a geologic
medium; an interface between a foundation and the soil; a contact plane between a bin or
chute and the material that it contains; a contact between two colliding objects; and a planar
“barrier” in space, which represents a fixed, non-deformable boundary at an arbitrary position

and orientation.

FLAC?P provides interfaces that are characterized by Coulomb sliding and/or tensile
and shear bonding. Interfaces have the properties of friction, cohesion, dilation, normal and

shear stiffnesses, tensile and shear bond strength.

An interface is represented as a normal stiffness and a shear stiffness between two

planes in contact.

target face

T,
S = slider
T, = tensile strength b
S; = shear strength
D = dilation
k; = shear stiffness
k, = normal stiffiness o

Figure 2.11 Components of the bonded interface constitutive model, (Itasca, 2013)

For the choice of the characteristics of the interface: cohesion, dilatancy, limit traction,

and friction are generally taken equal to those of the least resistant material.
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AZ min

L - nterface

Figure 2.12 Zone dimension used in stiffness calculation, (Itasca, 2013)

The stiffnesses kn and ks are more difficult to estimate. FLAC recommended that k, and
ks can be set to ten times the equivalent stiffness of the stiffest neighboring zone, as is a good
rule-of-thumb. The apparent stiffness (expressed in stress-per-distance units) of a zone in the

normal direction is:

max [@l (2.27)

Azin
where

K and G are the bulk modulus and the shear modulus respectively, and zmin is the smallest

dimension in the normal direction (see Figure 2.12)

This recommendation makes it possible not to penalize calculation times when

considering an interface.

The Coulomb shear-strength criterion limits the shear force by the following relation:
F; max = cA +tan ¢ (F, — pA) (2.28)
where

A is the representative area associated with the interface node; p is pore pressure (interpolated
from the target face); ¢ is the friction angle of the interface surfaces; and c is the cohesion

along the interface.
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I the criterion is satisfied (i.e., if |Fs| > Fsmax), then sliding is assumed to occur, and |Fs|

= Fsmax, With the direction of shear force preserved.

The normal and shear forces that describe the elastic interface response are determined

at calculation time (t + A t) using the following relations.

EHA0 — g w A+ oyA (2.29)
FEMD = kD + ke pul+ 22 4 4 0,4 (2.30)
where

F t*29, is the normal force at time (t + A t); F ¢* 2 is the shear force vector at time (t + A
t); un is the absolute normal penetration of the interface node into the target face; Ausi is the
incremental relative shear displacement vector; on is the additional normal stress added due to
interface stress initialization; osi IS the additional shear stress vector due to interface stress

initialization ; and A is the representative area associated with the interface node.
2.4 Summary

The complex conditions relating to the load-bearing capacity problem require a well-
adapted numerical tool. In this present thesis, we have used the FLAC®P code which, thanks
to its explicit mode of resolution in Lagrangian elements, makes it possible to simulate
nonlinear problems with good numerical stability. Regarding the constitutive laws, we have

retained the perfectly plastic linear elastic model of Mohr-Coulomb for the foundation soil.
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CHAPTER 3

NUMERICAL INVESTIGATION ON PILE
GROUP EFFICIENCY EMBEDDED IN SOFT
CLAY

3.1 Introduction

Deep foundations are widely used in tall buildings, bridges, towers, offshore and other
special structures. This type of foundation is designed to transmit the applied forces to the
surrounding soil at a significant depth which usually exceeds ten diameters. The deep
foundations are often group of piles where, in practice, piles are always driven or bored by
group.

Due to the effect of the interaction between piles, the behavior of a group of piles may
be different from that of individual pile and the limit vertical load of a group of n piles (Qcp)
may be less than n times the limit load of an individual pile (Qsp) working under the same
conditions. The group effect is evaluated using the efficiency coefficient of the bearing

capacity of pile group (Cg) which is defined as the ratio of Qgp to n times Qsp.

Despite the research efforts carried out to date to assess the pile group efficiency and
their encouraging results, discrepancies are still observed during comparison between the
results of the formulas already developed and field or laboratory test measurements (Helmy
2002; Park and lee 2015).

Numerical methods such as finite difference, finite element and boundary element
method, have been widely developed in the last two decades because they are less costly and
may be used to consider more complex cases compared to field and model tests. However, the
literature review reveals that few investigations have been carried out to evaluate adequately
the efficiency of the pile group and to date; no simple method of design using a 3D numerical
model has been developed.
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In this context, the present study focuses on the evaluation of pile group efficiency
based on the load-settlement response, considering several pile configurations. The aim of the
present study is to perform a full 3D numerical analysis, using the FLAC®P code (ltasca
2013), of the overall load response of pile group and to determine the effects of piles number
and pile spacing on the freestanding pile group performance embedded in soft clay conditions.
The numerical obtained results are validated by comparing them to those of similar subgrade-
structure and in comparable geological conditions provided within the literature.

3.2 Numerical analysis

3.2.1 Mesh and constitutive modeling

The behavior of the group of piles (GP) embedded in soft clay condition is investigated
by performing numerical computations using the explicit finite difference code FLACSP
(Itasca 2013). The FLAC®P code leads to rigorous treatment which is an effective tool in the
analysis of the bearing capacity problems of different foundation schemes. Since the problem
geometry is doubly symmetrical only a quarter of the whole mesh was modeled to reduce the
size of the model and the time needed for numerical computation. The numerical model
consists of a deep foundation modeled with solid elements embedded in the ground volume.
Based on the results obtained from the preliminary simulations, the horizontal distance of the
mesh boundary was set to 40 m, and a depth of 20 m was assumed in this study. A roller
boundary is used to fix all nodes in the horizontal direction along the lateral boundaries.
However, all nodes on the bottom surface are restrained in both horizontal and vertical
directions. These boundaries are supposed to be impervious. Figure 3.1 shows a typical mesh

used in this 3D numerical study.

The contact between piles and the surrounding soil was simulated using an interface
element defined by Coulomb’s shear strength criterion. The interface element was assumed as
able to slip (Jeong et al. 2004; Lee et al. 2010; Ghalesari et al. 2015). In order to install the
soil-pile interfaces, the grid representing the soil is created first and interfaces are attached to
the zone faces with the pile. The cylinder pile grid is created separately and then it is moved
downward into contact with the interface elements (ltasca 2013). Detachment was made
impossible by adjusting the separation failure criterion to a significant value (tensile strength
= 108 Pa). It is expected that stress concentrations will occur around the piles, and so a

relatively fine mesh was proposed here, while a coarser mesh was used further from the piles
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in order to reduce computation time. Such a refinement study resulted in using the mesh

presented in Figure 3.1.

20m

y 40m

Figure 3.1 Grid used in FLAC®P simulations

The piles were modeled as linear elastic material with an Elastic modulus of 30 GPa and
Poisson’s ratio of 0.2. The linear elastic perfectly plastic constitutive law using the Mohr—
Coulomb failure criterion was used to describe the mechanical behavior of soil in this 3D
parametric study. The Mohr—Coulomb model is widely used in the modeling of geotechnical
problems and has the advantage of requiring few soil parameters. Note that all these
parameters can be obtained from the standard soil tests. The use of a more complex
constitutive model that takes into account the nonlinear behavior will probably requires the
estimation of specific soil parameters from special tests such as triaxial tests equipped with
local strain gauges, Ko oedometer tests, the resonant column tests, hollow cylinder torsion
tests. As a result, the number of soil parameters to be evaluated would be greater, and their

interdependence is not evident (Houhou et al. 2019).

To prescribe the water conditions, a general water table is defined at the free surface,
under which the water pressure distribution is hydrostatic. This pore pressure is imposed at
any point of the mesh and the analysis was then performed by a mechanical computation not
coupled to the flow (by setting flow off and set the water bulk modulus to zero for this
mechanical-only calculation). In this way the pore pressure field will not be changed by the

volumetric strain. This is the long-term behavior and the analysis type is effective analysis.

The analysis of group of piles involved three stages, namely initial stage, installation

stage and the loading stage. In the initial stage, the model is first brought to an equilibrium
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stress-state under gravitational loading (involved only the soil volume). In the second stage
the piles installation is simulated only by substituting the properties of the piles zones from
the properties representing the soft clay material to those representing the concrete piles
material. The pile installation is not explicitly represented in this study. The analyses assumed
that the piles were “wished-in-place” and hence, did not consider local changes in stresses or
soil properties associated with drilling and concreting. In the loading stage, a uniformly
distributed vertical load is gradually applied on the foundation surface.

The loading was performed by displacement control method which was simulated by
imposing a vertical velocity (Itasca 2013). Then, the load taken by the piles was obtained by
summing the vertical reaction of the displaced nodes belonging to the piles head. As the level
of errors in such calculation scheme depends on the applied velocity, preliminary simulations
have been carried out, by testing the magnitude of the applied velocity. The downward

velocity of 10 m/s was chosen.
3.2.2 Validation

A popular example presented by Poulos (2001) is used to validate the modeling
procedure carried out in this study. In order to assess the efficiency of different analytical
methods of piled raft performance analysis, Poulos (2001) used a group of 9 identical piles
capped by a rectangular raft (a pile group in which the raft directly touches the ground
surface). Each pile has a length of 10 m and diameter of 0.5 m. The raft is 10 m by 6 m with a
thickness of 0.5 m. The piles, raft and soil are modeled with elastic properties. Table 3.1
summarized the comparison between the results of the central settlement and corner pile
settlement obtained from the present study and the four methods of analyses presented by
Poulos (2001) such as Poulos-Davis-Randolph method (PDR), Geotechnical Analysis of Raft
with Piles (GARP5), Geotechnical Analysis of Strip on Piles (GASP), and Simplified Burland
method. To enhance the comparison, the numerical results reported by Ata et al. (2015) are
also presented in the Table 3.1. It can be seen that the results of the present study are in good
agreement with those of the different above mentioned methods.
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Table 3.1 Comparison of results

Approach Central Corner pile
settlement (mm) settlement (mm)

Simplified PDR 36.8 -

Raft with piles (GARP5) 34.2 26

Strip on piles (GASP) 33.8 22

Simplified Burland 33.8 29.7

Numerical results reported by Ata et al. (2015) 31 23.5

Present study 32.4 24.1

The validity of the modeling procedure done in this study is also proved by comparing
the obtained numerical results with the results of the vertical loading case carried out by
Horikoshi et al. (2003) employing geotechnical centrifuge testing in order to simulate piled
raft under different types of loading. The model consisted of a square raft (4 m wide and 2 m
thick) rigidly connected to four piles. The raft and piles models were made of aluminum and
Toyoura sand was used as the model ground (Horikoshi et al. 2003). Each pile has a length of
8.5 m and a diameter of 0.5 m. The pile spacing was set to 2 m. Note that the prototype scale
is considered in this analysis. According to Horikoshi et al. (2003) and Matsumoto et al.
(2004), the internal friction angle for Toyoura sand used in centrifuge tests is about 45° and
the interface structures friction angle is 22.9°. The soil and interface properties, used in this
numerical analysis are the same used by Horikoshi et al. (2003) and Alnuaim et al. (2013) for

validation purpose. These parameters are summarised in Table 3.2.

Table 3.2 Input parameters of soil and interface properties (Alnuiam et al. 2013)

Parameters Soil
Unit weight, v (kN/m°) 14.6
Young’s modulus, Erer (KPa) 4500
Incremental modulus of elasticity (kPa/m) 6500
Poisson’s ration, v 0.175
Friction angle, ¢’ 45°
Interface friction 22.9°
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Figure 3.2 shows a comparison between the load-settlement curves resulting from the
current numerical analysis and the centrifuge test conducted by Horikoshi et al. (2003). It can
be noted that the results obtained from the present numerical study agree well with those of

the experimental test.
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Figure 3.2 Comparison between results of present study and those of the centrifuge test
conducted by Horikoshi et al. (2003)

3.2.3 Parametric study

A 3D parametric study was carried out to analyze the behavior of group of piles
subjected to vertical loading embedded in a soft clay profile using variable number of piles n

and pile spacing Sp, considering the full interactions between the piles.

Three pile configurations were considered, including 2x2, 3x3 and 4x4 piles, for each
pile configuration four pile spacing were examined, S, = 3d, 4d, 5d, and 6d. The length L and

diameter d of all piles were 12 and 0.5 m, respectively.

The properties of the homogeneous soft clay and the elastic properties of foundations
used by Nguyen (2008) are retained for this parametric study and summarized in Table 3.3.

To define the bearing capacity in foundation design, a settlement equal to 10% of the

pile foundation diameter is often adopted (Cooke 1986; Conte et al. 2003; Rose et al. 2013).
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However, in the present parametric study, the comparison between the different
configurations considered was made for a settlement range which extends beyond 10% d in
order to provide further insight for the mechanical response of group of piles. The settlement

(s) achieved in this analysis is s = 20% d.

Table 3.3 Material parameters used in the analyses (Nguyen 2008)

Materials Model E(MPa) c¢’(kPa) ¢'(°) Y v (KN/m?)
Foundation  Elastic 30 000 - - 0.2 25
Soft clay Mohr-Coulomb 4.8 15 31 0.3 14

3.3 Results and discussion

The load-settlement curves of group of 16, 9, and 4 piles for different pile spacing and
using the corresponding n-times individual pile (SP) load response are shown in Figure 3.3.
From Figure 3.3 (a), where the load-normalized settlement curves of group of 16 piles and
using 16 times individual pile load response are considered. It can be seen that the load
carrying capacity of group of 16 piles was lower than that of 16 times individual pile for the
entire settlement range and for all pile spacing considered in this study. This is due to the
effect of the interaction between piles in the group which is known as pile-to-pile interaction
effect. Generally, it is the added settlement happened in a pile in the pile group due to the
effect of the adjacent pile. However, it should be mentioned that increasing of S, has a
positive effect on pile group efficiency. It should be noted that as the pile spacing decreases

the shape of the load response curve becomes linear.

From Figure 3.3Db, it can be noted that, up to a settlement range of 10% d, the load
carrying capacity of 9 piles group for all pile spacing was lower than that of 9 times individual
pile. However, beyond this settlement range, all the load response curves converge towards

that of 9-times individual pile.

Regarding to the case of n = 4, as shown in Figure 3.3c, the load carrying capacities of
group of 4 piles and 4 times individual pile load response are almost identical, with a slight

difference in the initial settlement range (s/d < 6%) depending on Sp values.
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Figure 3.3 Load-settlement curves of piles group for different n and Sp

From all above, it can be noted that the pile-to-pile interaction effect was significant for
large number of piles.

The installation of piles by a group with close spacing develops a superposition of stress
field beneath piles due to the action of all piles. This superposition of stress field leads to
change the settlement behavior of the individual pile depending on the pile spacing. For
illustration, Figure 3.4 visualizes the influence zones of soil beneath the piles presented by
contours of the maximum shear strain increment for the case of 16 piles with different pile
spacing. It can be seen that the bearing pressure of pile group with close pile spacing (Sp = 3d)
is mobilized at the base of the block of piles due the full superposition of stress field but with

increasing of pile spacing, the shear strain gets developed at the base of each pile individually.
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Sp = 3d Sp =4d

Sp = 5d

Figure 3.4 Maximum shear strain development for group of 16 piles with different pile

spacing

From the results obtained from all the cases considered, it can be noted that the effect of
pile spacing becomes more significant when the number of piles increases depending on

settlement level.

Moreover, the efficiency coefficient of the pile group obtained from this parametric
study is lower than unity for all considered configurations.

It can be concluded that using a value of Cq4 of unity for pile group in clay (value used
by several researchers e.g. de Sanctis and Mandolini 2006; Lee et al. 2014; Park and Lee
2015) leads to overestimate the bearing capacity of group of piles essentially for the cases of

large piles number.

The efficiency of the pile group embedded in soft clay is very important either in the

case of a small piles number or in the case of large pile spacing.

The load carrying capacity of pile group increases with increasing of piles number. For
example, the load carrying capacity of group of 16 piles at Sp = 6d and s = 0.1d is about 60%
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and 220% higher than that of group of 9 piles and 4 piles, respectively. However, the pile
group bearing capacity can be improved simply by increasing the pile spacing without
increasing the number of piles. As an example, the bearing capacity of group of 9 piles at Sp =

6d is very comparable to that of 16 piles at Sp = 3d.

The influence zones is also presented by the magnitude of soil displacement for groups
of 16 and 9 piles of different piles spacing as shown in Figure 3.5. It can be seen that the soil
displacement develops and gets changed depending on pile spacing and number of piles.
Wherein, for the close piles spacing, the soil displacement occurs as a block in a conical

shape, while as pile spacing increases, a punching of piles occurs individually.

Sp=ad Sp = 4d Sp = 5d Sp=6d

n . n=16 - .

Contour of l)nplnccmﬂu Mag

-
1.19000001.0 2.00000-001
2.00000.-001 0 2.00106-001

Worvel = 2 H6.002

Sp =3d Sp = 4d Sp =5d Sp =6d

Figure 3.5 Soil displacement for groups of 16 and 9 piles with different pile spacing

The values of the efficiency coefficient Cq4 of the pile group are calculated from the
results obtained and are presented in Figure 3.6. In order to compare these obtained values
with those calculated from the most popular formula available in the literature (see section
1.3.1in Chap. 1).
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Figure 3.6 Comparison of Cq values calculated from the present study and different formulas

available in the literature for different n and Sp

For the case of group of 16 piles (Figure 3.6a), the present study results were very close
to those calculated using the Converse-Labarre formula (Eq. 1.18) and Los Angeles group
action method (Eq. 1.23) for Sp = 6d. However, for the case of S, = 3d, the Converse-Labarre
and Los Angeles group action methods overestimate the present study results of about 18%
and 25%, respectively. This is explained by the fact that at failure the pile group with close
pile spacing behaves as a block due to the increased interaction between piles as shown in
Figure 3.7. Referring to the experimental work of Cooke (1986), the pile group fails as a
block when the ratio Sp/d is smaller than 4.

The pile group collapse by failure of the individual piles or the overall piled block and
this is depending on the vicinity between piles of the group. As an example, Figure 3.7 shows
some cases of the collapse mechanism obtained from the present analyses presented by the
plastic zone for group of 16 piles with different pile spacing. From the case of the close pile
spacing, Sp = 3d, it can be seen that the collapse occurs on the vertical surfaces at the
perimeter of the block and on the horizontal surface at the base of the block. While, for the
cases of the wide pile spacing, Sp = 4d, 5d and 6d, the collapse appears individually at the

base of each pile.
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Nevertheless, the numerical results agree well to those calculated using Los Angeles
group action method and Converse-Labarre formula for the case of 9 and 4 piles, for the
different pile spacing considered.
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Figure 3.7 Plastic zone for group of 16 piles with different pile spacing

Regarding to Figure 3.6, the values of Cq4 calculated using the formula proposed by Das
(2015) (see Eqg. 1.22) greatly exceed the value of unity and therefore are significantly higher
than those of the present study, which leads to severe overestimation of bearing capacity of
group of piles. However, in clay, the pile group efficiency Cq is often lower than unity (Cooke
1986; de Sanctis and Mandolini 2006).

The method suggested by Sayed and Bakeer (1992) (see Eqg. 1.20) overestimates the
bearing capacity of pile group either in cases of small piles number or wide pile spacing as

shown in Figure 3.6.

The Cq4 values obtained using the formula proposed by Seiler and Keeney (1944) (see
Eq. 1.19) are slightly higher than unity and trend to be constant irrespective of piles number
and pile spacing. It can be concluded that this method limits the effect of both, the piles
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number and pile spacing. While these last two parameters were very decisive in estimating the

efficiency of the pile group.

For clays, Fascicle 62 neglected the group effect if the pile spacing Sp is greater than 3d.
However, the 3D numerical analyses presented in this study prove that a Cq value of unity for
pile groups in clay can considerably overestimate the bearing capacity, mainly for cases of

large piles number as shown in Figure 3.6a.

It can be seen that a considerable difference was observed with C4 values calculated
using the formula proposed by McCabe and Lehane (2006) (see Eq. 1.24), which presents the
lowest values, notably for a large number of piles. As an example at Sp = 6d, the Cqy values
obtained using this formula underestimate the present study results of about 10%, 52%, and
87% for 4, 9, and 16 piles, respectively.

In order to develop an appropriate mathematical formula of Cg, using a nonlinear least-
squares method, the expression of Cq was defined, as depicted in Eqg. (3.1). The analysis was
carried out by minimizing the mean square error between the proposed model and the present

numerical results.
3 s, 102 s, \01
Cp=-1268(-%) " +26(-2)  —1235 (3.1)

This proposed formula is shown in Figure 3.8. It can be noted that the suggested formula of
Cq is efficient for calculating the ultimate bearing capacity of pile group foundations
embedded in soft clay subjected to vertical loads.
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Figure 3.8 Comparison of Cq values calculated from: the proposed formula, the obtained

results of FLACSP, and the popular formulas available in the literature

3.4 Summary

The interaction effects and load-carrying behavior of group of piles embedded in soft
clays were studied using explicit finite difference code FLACSP. For this purpose, several
types of pile configurations were considered. Based on the numerical analyses results
obtained and within the range of the parameters tested and soil conditions, the following

conclusions can be drawn:

e The efficiency coefficient of the pile group was often lower than unity for different pile
spacing and piles number due to interaction effects between piles. So a value of
efficiency coefficient of unity for pile groups in clay could considerably overestimate the

bearing capacity of group of piles essentially for cases of large piles number.

e Although the bearing capacity of the pile group increases with increasing number of
piles, the efficiency of the pile group embedded in soft clay is very important in the case
of a small number of piles. Whereas, the pile group bearing capacity can be improved

simply by increasing the pile spacing without increasing the number of piles.
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e Among all popular formulas considered in this study, the Los Angeles group action and
Converse-Labarre methods lead to comparable Cq values to those obtained from present
3D numerical results. While, the method suggested by McCabe and Lehane would have
required a higher number of piles to ensure the stability of the structure which requires

more resources e.g. concrete, energy...

e Based on the present finite difference analysis results, a new efficiency coefficient

formula was proposed as a function of pile spacing and the number of piles.
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CHAPTER 4

3D NUMERICAL STUDY OF THE BEHAVIOR
OF PILED RAFT FOUNDATIONS IN THE SOFT
CLAY

4.1 Introduction

Tall buildings and offshore structures are often built on piled raft foundations where the

piles are used for enhancing the performance of the raft to satisfy the design requirements.

The design requirements may be related to the increasing of the overall bearing capacity
and/or reduction of the average/differential settlements. In the piled rafts design, the sharing
load between the raft and piles is considered, and the piles are used up to a load level that can
be of the same order of magnitude as the bearing capacity of a comparable single pile or even
greater (Reul and Randolph 2003). The overall load response of piled raft is linked to a
complicate soil-structure interaction system, including the pile-soil, pile-pile, raft-soil, and
pile-raft interactions (de Sanctis and Russo 2008; Park and Lee 2015; Lee et al. 2015; Mali
and Singh 2018).

Despite the research efforts carried out and their encouraging results, there is a still
confusion on piled raft interaction effects for drained soft clay conditions. Thus, further
numerical investigations and experimental studies are required to provide more insight into

the mechanical response of piled raft system.

In this context, this research focuses on studying the piled raft behavior embedded in
soft clay condition. The aim of the present study is to perform a full 3D numerical analysis,
using the FLAC®P code (Itasca 2013), of the overall load response, load sharing behavior, pile
load distribution, and effects of the interactions of piled raft foundation subjected to vertical
static loading in soft clays. For this purpose, several types of foundations were considered
including piled raft, group of piles, unpiled raft, and single pile. The study results are
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validated by comparing them to those of similar subgrade-structure and in comparable

geological conditions provided within the literature.

For design optimization purposes, the interactions behavior and the performance of the
piled raft foundation is also investigated by varying some parameters as piles number and pile
configuration. The change in these settings produces a wide variety of cases to be studied. The
concluded observations from the parametric study provide further insight into the mechanical
response of piled raft and aim at helping the engineers in taking a logical path in an iterative

design process for a piled raft foundation.
4.2 3D numerical modeling
4.2.1 Modeling procedure and post analysis

The behavior of the piled raft foundation scheme embedded in soft clays was
investigated by performing 3D numerical analyses using the finite difference formulation with
the numerical code FLAC?P (Itasca 2013).

To reduce the size of the mesh and the huge time required for running such a complicate
3D problem, only a quarter of the piled raft is modeled, since the problem geometry is doubly

symmetrical.

To minimize the boundary effects on the behavior of the ground close to the foundation,
the horizontal distance of the mesh boundary from the raft edges was set to 40 m (a distance
greater than 2.5 times the size of the raft) and the mesh extends vertically at depth equal to
two times the pile length. This extension of boundaries is kept fixed in all the numerical

analyzes whatever the spacing and the number of piles.

A roller boundary was used to fix all nodes in the horizontal direction along the lateral
boundaries. However, on the bottom of the model all nodes were restrained in both horizontal
and vertical directions. The boundary condition and FLAC3P mesh used for piled raft in the
numerical analyses is shown in Figure 4.1. The raft is modeled using 12-noded radial cylinder
solid elements and brick elements with 8 nodes, and piles are modeled by 6-noded cylindrical
solid elements available in FLAC®P. Despite solid elements do not explicitly predict internal
efforts (unlike structural elements: Shell, Beam, Pile ...), they have the advantage of

representing these structural elements (raft and piles) in a more realistic way.

Sensitivity study of the mesh density exhibits that it is required to have a refined mesh

in the zones of high stress gradient. Thus, a relatively fine mesh was chosen close to the pile-
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soil and raft-soil interface while a coarser mesh was used further from the piles and raft in

order to reduce computation time. Such a refinement study resulted in using the mesh

presented in Figure 4.1. The numerical models of the several foundation types considered in

this investigation are shown in Figure 4.2.
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Figure 4.1 Detail of FLAC®P grid used in numerical analyses

The raft was assumed to be rigid and the pile head was rigidly connected with the raft to

ensure continuities in the displacement and stress distribution across the attached grids.

, the grid volume of the raft is placed directly on those of piles head without setting

Therefore

settlement of the raft is limited. The

up an element interface. In this way the differential

ft—soil stiffness

verification of the supposition of rigid raft can be conducted by using the ra

and Randolph (1997) in Eq. 4.1:

ratio (Krs) formula proposed by Horikoshi

(4.1)

0.5 (tr>3
Ly

)

G
Ly

v

1-v¢
1-v?

Er
Krs = 557E_s

where

Er and Es are the Young’s modulus of the raft and soil respectively, Vr is the Poisson’s ratio of

the raft and vs is the Poisson’s ratio of the soil, By, Ly and tr are the width, length, and
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thickness of the raft, respectively. In this study the calculated value of Kys using Eq. 4.1 is

about 33. According to Luo et al. (2018), values of Ks > 5, the raft can be assumed as rigid.

In order to allow for soil-pile relative displacements, the contact between the soil and
pile was described as able to slip. From the literature, the pile-soil interface has two types of
modeling techniques, one using a slip interface element as it is used by Jeong et al. (2004),
Achmus et al. (2009), Lee et al. (2010) or Alshenawy et al. (2016), and another is without
using an interface element, the lateral contact pile-soil was assumed by a thin layer as it is
used by Reul and Randolph (2003) or de Sanctis and Mandolini (2006), the thickness of this
layer should be defined with caution after several attempts. For that reason, in the current
study, slippery elasto-plastic interface elements have been used. The Mohr-Coulomb failure
criterion was used to the interface element to simulate the occurrence of the slippage at the
pile shaft when the shear stress reaches the soil yield strength. FLACSP provides interfaces
that are characterized by normal and shear stiffnesses, and sliding properties (friction angle
and cohesion). In order to install the interfaces, the grid representing the ground is created
first and interfaces are attached to the zone faces with the piles. The cylinder pile grid is
created separately and then is moved into contact with the interface elements (Itasca 2013).
For more details about the slip interface elements, the reader should refer to FLAC®P manual

and the work of research done by Jeong et al. (2004) or Lee et al. (2010).

Both the raft and the piles are made from reinforced concrete which is modeled as a
linear elastic material with a Young’s modulus of 30 GPa and Poisson’s ratio of 0.2. The
material behavior of soil in this study is simulated with a linear elastic-perfectly plastic
constitutive law using the Mohr—Coulomb failure criterion. The Mohr—Coulomb model,
widely used in the modeling of geotechnical works, has the advantage of needing few input
parameters and that all these parameters can be obtained from the standard soil tests. The use
of a more complex constitutive model that takes into account the nonlinear behavior will
probably requires the estimation of specific input parameters from unusual tests. As a result,
the number of input parameters to be evaluated would be greater, and their interdependence is
not evident (Houhou et al. 2019).

In this study, the analysis type of the numerical simulation was effective drained
analysis to get the long term behavior for the piled raft system in soft clay. A general water
table is defined at the free surface, under which the water pressure distribution is hydrostatic.
Since the present study focuses on the long-term behavior, the simulation is conducted by a

mechanical mode and the pore-pressure field can be uncoupled from the mechanical field (by
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setting flow off and set the water bulk modulus to zero for this mechanical-only calculation).

In this way, the pore pressure field will not be changed by the volumetric strain.

Since the bored pile causes a limited stress change in the soil during pile installation, the
stress change in the soil was therefore neglected in these analyses. The numerical simulation
has been performed according to three subsequent stages: (1) Gravity loading for generation
of the initial stress field; (2) Raft and piles installation, by assigning the properties of concrete
to the foundation components zone; (3) Vertical raft loading, i.e. step by step application of a

uniformly distributed vertical velocity on the raft surface.

The obtained preliminary results allow choosing a relevant magnitude of loading that
ensures high accuracy of results. Thus, the foundation loading was simulated by imposing a
vertical downward velocity of 10 m/s on the upper face of the raft. Then, the loads taken by
the raft and by the piles were obtained by integrating vertical stresses along the raft surface
and the pile heads respectively. As a result, the axial pile load (Pp) was calculated from the

vertical stresses in the pile head elements using the following equation:
Pp = Z o; X Si (52)
where

oi 1s the vertical stress along the pile head at cylindrical solid element i; and Si is the

segment cross section area of element i.

The piled raft system can be characterized as a consequence of the load sharing between
their components using the load-sharing ratio (ap), which is the ratio of the sum of all pile
loads (Y.Pp) to the total vertical load of the foundation (Ptotal), proposed by Mandolini (2003)

as follows:
> Pp

_ 5.3

ap Ptotal ( )

So, the load-sharing ratio describes the portion of the load carried by the piles. ap = 0
corresponds to an unpiled raft, while the value of unit represents freestanding pile group
(foundation supported by piles only). Thus, 0 < ap < 1 describes a piled raft foundation.
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Piled raft Group of piles

Unpiled raft

Figure 4.2 FLAC®P meshes used for several foundation types considered in numerical

analyses
4.2.3 Validation of numerical model

Numerical models based on the modeling procedure presented above are developed, and
their accuracy is validated by comparing with the results of other existing numerical methods
and experimental measurements of similar subgrade-structure and in comparable geological

conditions provided within the current literature.
e Casel

To prove the validity of the modeling procedure done in this study, the obtained
numerical results were compared with those available in the literature, especially the studies
carried out by Sinha and Hanna (2016), and Mali and Singh (2018). It is a case of piled raft
system which consists of square raft in plan with dimensions of 24 x 24 meters and thickness
equals 2 m. The square raft rests on 16 circular piles with diameter of 1.0 m and length of 15
m entirely embedded in soft clay. The piles used are uniformly placed under the raft with pile
spacing (Sp) equal to 6 times the piles’ diameter (d). The loading was simulated by applying a
uniformly distributed vertical load on the foundation surface. The soil and foundation
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parameters used in the numerical model are summarized in Table 4.1. Figure 4.3 shows a
comparison between the load-settlements behavior of piled raft resulting from the current
finite difference analyses and the finite element analyses of Sinha and Hanna (2016), and Mali
and Singh (2018). It can be seen that the results obtained from the present numerical study

agree well with the previous numerical works.

Table 4.1 Material parameters used in the analyses (Sinha and Hanna 2016)

Parameter Clay Pile Raft
Young’s modulus, E (MPa) 54 25,000 34,000
Poisson’s ration, v 0.15 0.2 0.2
Unit weight, y (kN/m®) 19 25 25
Friction angle, ¢’ (°) 20 - -
Cohesion, ¢’ (kPa) 20 - -
Load (kPa)
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Figure 4.3 Comparison between results of present study and previous numerical works of

load-settlements behavior of piled raft
o Case?

The obtained computational results were also compared with those of the centrifuge test
reported by Horikoshi and Randolph (1996) to prove the validity of the modeling procedure
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presented in this study. The centrifuge test was conducted for a circular PR model embedded
in a clay layer having nine piles with pile spacing of 2.5 m, a length of 15 m, and a
diameter of 0.32 m. The circular raft is 14 min diameter and 0.05 m in thickness. The
prototype scale is considered in this analysis. Since the interface friction coefficient was not
provided by the authors, an average interface friction coefficient of 0.3 was used to simulate
the contact pile-soil, as recommended by Lee et al. (2010). The material parameters of the soil
and PR were adopted from reference values reported by Horikoshi and Randolph (1996), as
detailed in Table 4.2. Constant values of Young’s modulus and shear strength parameters

were assumed to simplify the analysis. The axially applied load was 12 MN.

Table 4.2 Material properties, adopted from Horikoshi and Randolph (1996)

Parameters Soil Pile Raft
Young’s modulus: E, MPa 16.8 40 000 40 000
Poisson’s ratio: v 0.4 0.16 0.16
Density: y, KN/m3 17.5 20 20
Undrained shear strength: Cu, kPa 41.4 - -

The results of the present numerical analysis and the centrifuge model test are presented
in Table 4.3. It can be noted that the measurements and the numerical results are in good
agreement, both in terms of average settlement and load carried by piles. A similar trend was
found by Lee et al. (2010) and Ghalesari and Choobbasti (2018).

Table 4.3 Comparison of the results

Results Average settlement (mm) Load carried by piles (%)
Measured 22 19
Present study (FLAC®P) 22.6 21.7

4.3 3D numerical analysis of piled raft interaction in drained soft clay conditions

In this study, 3D finite difference analyses are performed to investigate the behavior of
piled raft foundation system in drained conditions of soft clays. The overall objective of the
present parametric study focuses on the effects of multiple interactions between raft-pile-soil

on the piled raft behavior in the case of soft clay.
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4.3.1 Parametric study

A broad parametric study was carried out to analyze the behavior of piled raft (PR)
foundation system subjected to vertical loading embedded in a soft clay profile using variable
number of piles and pile spacing under a square raft, considering the 3D interactions between
the soil, piles and raft. To check the piled raft interaction effects for soft clay conditions,
various types of foundations were considered, including PR, unpiled raft (UR) and group of
piles (GP). To reduce the huge amount of storage and time needed for numerical computation,
small dimensions for foundations were considered in this parametric study as well as general

dimensions assumed by most researchers.

The piled raft simulated in this analysis is composed of a square raft of 10 m in width
and 1 m in thickness, and piles of 12 m in length in different configurations. This foundation
was selected to allow for utilizing four commonly used pile spacing values (i.e. 3d, 4d, 5d and
6d), with a pile diameter d of 0.5 m without changing the raft size. Three cases of uniformly
pile arrangements, 2 x 2; 3 x 3 and 4 x 4 were examined, corresponding to n = 4, 9 and 16
piles, respectively. All the aforementioned pile spacing was investigated for each pile
arrangement. So there are 12 pile configurations in total. Figure 4.4 shows the pile
configurations considered in the present parametric study for different number of piles and

pile spacing.
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Figure 4.4 Pile configurations considered for parametric analysis

The drained characteristics of the soft clay were adopted from reference values reported
by Nguyen (2008). To simplify the numerical computation, average values of drained
Young’s modulus and shear strength parameters ¢’ and ¢’ were assumed for the soil profile.

Table 4.4 summarizes the foundation and soft clay parameters used in the parametric analysis.
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Table 4.4 Material parameters used in the parametric study

Model E(MPa) c’(kPa) ¢ (°) v Ko v (KN/m?)
Foundation Elastic 30 000 - - 0.2 - 25
Soft clay Mohr—Coulomb 4.8 15 31 0.3 0.5 14

4.3.2 Computed results
e Load-settlement response

The load-normalized settlement behavior obtained from analyses of UR, GP and PR in
the case of n = 16 and Sp = 4d are plotted in Figure 4.5. As expected the load-carrying
capacity of PR is higher than those of UR and GP. So, adding a number of piles to the raft
helps to avoid excessive settlements and to enhance the bearing capacity of the foundation.
Furthermore, the load-carrying capacity obtained from GP was found to be higher than those
obtained from UR until a settlement level (s) of 1.5% B;, a difference of about 25% is noted at
s = 1% By, as shown in Figure 4.5. However, after this settlement range, the trend is reversed,
so that the load carrying capacity obtained from UR becomes higher than that obtained from
GP, at ultimate state (s = 10% By) the UR bearing capacity has been almost doubled compared
to that of GP. It should be noted that the load carrying capacity of piles is mobilized earlier
than that of the raft due to the smaller piles size in respect of the raft. These results are in good

agreement with those found by Lee et al. (2014).

The load-normalized settlement behavior of the piled raft components, namely the raft
(Rpr) and the piles (Ppr), obtained from the present analyses in the case of n =16 and S, = 4d
are given in Figure 4.6. For purpose of comparison, the PR load response is plotted in the
same figure. Until a certain settlement level of 6% By, it can be seen that the load carrying
capacity of the component Py (Qp) is greater than that developed by the component Rpr (Qr).
At settlement level of s = 1% the Qp is larger than Qr by about 100%. Nevertheless, after the
settlement level of 6% By, the load-carrying capacity obtained from Ry becomes higher than
that obtained from Py, a difference of only 7% was found at ultimate state.

From Figs. 5.5 and 5.6, it can be seen that the unpiled raft and the group of piles behave
in a significantly different way than the raft and piles components of PR foundation scheme
due to the piles and raft interaction effects.

Moreover, for the initial settlement range up to s = 0.5% B (corresponds to ultimate
state of piles s = 10% d), the load carrying capacity of the Ppr is very close to that of the PR.
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After this settlement level, the Ppr shows smaller values than those of PR. This can be
explained by that at initial loading stage, the almost of applied loads are carried by the piles,
in the following loading stage the portion of load carried by the raft increases and becomes

more important.
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Figure 4.5 Load—normalized settlement curves of PR, UR and GP for n =16 and S, = 4d
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Figure 4.6 Load—normalized settlement curves of PR, Ppr and Rpr for n = 16 and Sp = 4d
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The load evolution of PR, UR and GP in the case of n = 9 and Sp = 4d is shown in
Figure 4.7. It can be seen that the load-carrying capacities obtained from GP and UR are very
comparable until a certain settlement level of 0.4% Br. However, after this settlement level,
the UR load-carrying capacity becomes higher than that obtained from GP, at ultimate loading

state, the UR bearing capacity was about 260% greater than that of the GP.

Figure 4.8 shows the load-normalized settlement behavior of the piled raft and their
components in the case of n = 9 and Sp = 4d. It can be noted that the load carrying capacity of
Ppr, unlike the case of 16 piles; is at most 25% more important than that of Rpr until a certain
settlement level of 1% B,. But after this settlement level, the load capacity carried by Rpr
becomes higher than that of Ppr, at ultimate state of loading, unlike the case of 16 piles; Qr is
about 140% more important than Qp.

From Figs. 5.7 and 5.8, it should be noted that interaction effects between piled raft
components are not as obvious as those observed in the case of n = 16. As a result, the
importance of PR interaction effects depends on the number of piles, so that as piles number

increases as PR interaction effects become more significant.
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Figure 4.7 Load—normalized settlement curves for n =9 and Sy = 4d, PR, UR and GP

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 96



Chapter 4 3D Numerical study of the behavior of piled raft foundations in the clay soils

14

12

10

Q (MN)

s/Br (%)

Figure 4.8 Load—normalized settlement curves for n =9 and S, = 4d, PR, Ppr and Rpr

Since Lee et al. (2014) and among others reported that the PR interaction effects are not
very influential in the drained clay conditions, the ultimate bearing capacity of PR foundation
should be the sum of those of UR and GP, so it can be expressed as follows:

Qpr = Qur + Qgp (5-4)
where
Qpr, Qurand Qg are the ultimate bearing capacities of PR, UR and GP, respectively.

For comparison purpose, the load carrying capacity curve of PR is plotted in the same
figure with the curve resulted from the sum of the two load carrying capacities of UR and GP

as shown in Figure 4.9 for the case of n = 16, Sp = 3d and 6d.

It can be seen from this figure that the sum of Qur and Qg is significantly greater than
Qpr for the entire settlement range; a difference up to 35% can be noticed at ultimate state.
This confirms that in drained soft clay conditions, there are a noticeable interaction effects
between raft and piles of piled raft. Similar trends and results were found for all cases of n and
Sp considered in this parametric study. Consequently, the neglect of the piled raft interaction
effects, as in the aforementioned works of research, could considerably overestimate the

ultimate bearing capacity of the piled raft system.

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 97



Chapter 4 3D Numerical study of the behavior of piled raft foundations in the clay soils

20
(a)
Cpr
16 —o—Lip ]
== CIur+gp
= 12 1
o
=
o 8
4_-
':I [..I 1 1 1 I
0 2 4 ] 8 10
s/Br (%)
20
(b)
]
16 | —o—Clpr
== Qur+gp
= 12
o
=
o 8
4
':I {.-l 1 1 1 1
0 2 4 ] a8 10

s/Br (%)

Figure 4.9 Evolution of load capacities of PR and the sum of UR and GP in the case of 16
piles with Sp = 3d and 6d

To study the effect of number of piles and their spacing on the PR performance, various
pile configurations with different values of n and S, were tested as shown in Figs. 5.10 and
5.11. For comparison purpose, the load capacity evolution of UR is added in the Figure 4.10.
From this figure, as expected, the load carrying capacity of PR increases with the number of
piles for all considered values of Sp. The effect of n depends substantially on the pile spacing
so that as the pile spacing increases as the effect of n on the PR performance becomes

significant.
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Figure 4.10 Load-normalized settlement curves of UR and PR for different values of nand Sp

From Figure 4.11(a), case of n = 16, increasing of Sp has a negligible effect on load-
settlement response of PR until a settlement level of about s = 4% B beyond which the Sp
effect becomes noticeable at least for the cases analyzed in this parametric study. As n
decreases (Figs. 11b and 11c) as the effect of Sp becomes less pronounced regardless of the
settlement level. So, it can be concluded that the Sp effect depends on both piles number and

settlement level.

From Figs 5.10 and 5.11, it can be noted that the piles number has a significant effect on

bearing capacity and load-settlement response of PR comparing to the pile spacing effect.
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Figure 4.11 Load—normalized settlement curves of PR for different values of S, for given

values of n
e Load sharing between piles and raft

In piled rafts system, the raft component is in contact with the ground surface between
the piles and which consequently contributes to the distribution of loads, a proportion of load
is directly transferred to the subsoil by the direct contact pressure of the raft and the rest of the
load is carried by piles. For this reason, the load sharing between PR components must be
studied. The proportion of the load carried by the piles to the total applied load for piled raft
foundation can be expressed by the load sharing ratio as described in Eq. (5.3). Figure 4.12
shows the evolution of the coefficient op based on normalized settlement level for different
pile configurations. At low settlement levels (s < 1% By), the evolution curves of the
coefficient ap of all pile configurations differ from each other and then became close to each
other by increasing the settlement level. This finding is in good agreement with experimental
observations noted by Lee et al. (2014). This behavior can be explained by the fact that the
piles at low settlement levels carry most of the applied load, and then the raft contribution
gradually increases with increasing the settlement level. From Figure 4.12a, corresponding to
the case of 16 piles, it can be seen that the pile spacing has a positive relationship with the
load sharing ratio at low settlement levels (s < 1% By), In other words, increasing Sy leads to a
significant increase of ap. Nevertheless, after this settlement level, the pile spacing has
become of little effect. The same trend was observed in Figs. 12b and 12c corresponding to
the cases of 9 and 4 piles respectively. However, it should be mentioned that the effect of pile
spacing on the load sharing ratio at initial settlement level becomes less important as the

number of piles decreases.

From the obtained results, it can be concluded that the coefficient ap is inversely

proportional to the settlement level and it is even higher when the number of piles is
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increased, and this is valid regardless of the pile spacing. Moreover, the range of initial
settlement, wherein op is proportional with Sp, enlarges with increasing number of piles. This
positive relationship takes place because the PR interaction effect is influenced by the
increased friction of piles skin caused by the increased in confining stress in the soil due to the
raft pressure (Katzenbach et al. 2000). The higher raft pressure corresponds to the largest
value of Sp. On the other hand, as the settlement further increases, the PR interaction effect
represents less mobilization of pile skin friction due to reduced relative displacement between
piles and surrounding soils, as soils beneath the raft are forced to move downward upon
loading (Han and Ye 2006).

It can also be seen from Figure 4.12 that the decrease of the coefficient ap in the case of
4 piles is represented by a steeper slope curve than that of the case of n = 9, then of n = 16,
which means that the raft contribution is significant for a small piles number. This is because
increasing the number of piles reduces the contact area between the raft and the soil;

therefore, the raft contribution becomes less important.
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Figure 4.12 Evolution of the load sharing ratio according to the settlement level for different

values of pile spacing and piles number
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e Pile load distribution

For design optimization purposes it is required to know how the applied load is
transferred to the subsoil by the PR components and to define with caution the different
factors affecting this aspect. In cases where piles are essential to ensure the stability it is
important not only to predict the load sharing between PR components but also to know the

load distribution between piles of PR.

The pile load distribution of the PR foundations has been the topic of continuous
research effort. One can refer to the work of Reul and Randolph (2003), Lee et al. (2010),
Hussien et al. (2016) or Luo et al. (2018). The analysis is generally based on ultimate state of
settlements. Nevertheless, little attention has been paid to the load distribution of piles
occurring at small settlement level (initial settlement case or the case of low loading at service
state). Thus, the pile load distribution of the PR foundations is also investigated in this
numerical study. The effect of S, was first studied for a given value of settlement and
secondly the effect of settlement by fixing the value of Sp on the pile loads distribution. All
the considered variants were tested for two different values of piles number namely n = 16

andn=09.

Figs. 5.13 and 5.14 show the load distributions between piles of PR for different values
of Sp and settlement in cases of 16 and 9 piles, respectively. At initial settlement level (s =
0.2% By), it can be seen from these figures that the center pile (P1) carried lower load than the
lateral pile (P2) and then the corner pile (P3), thus P3 carries the highest load portion.
However, the load distribution behavior is reversed at ultimate state (s = 10% By), where
the highest load portion was supported by the pile P1. It should be noted that this behavior is
independent of Sp and n either at initial or ultimate settlement levels. From Figs. 5.13 and
5.14, it can also be seen that at initial settlement level, the increase of Sp increases linearly and
noticeably the load portion carried by each pile wherever its position. Whereas at ultimate
state, the pile spacing affect the portion of the load carried by pile depending on its position.
Increasing Sp increases linearly the load portion carried by the corner pile (P3) and reduces
that carried by the center pile (P1). Thus, at ultimate state, the difference between the portion
of the load carried by P1 and that supported by P3 is very pronounced in the case of small
spacing (Sp = 3d) than that in the case of large spacing (Sp = 6d). For Sp = 3d (Figure 4.13),
the portion of the load supported by P3 is less than that of P1 by about 28%. However, in the
case of Sp = 6d the portion of the load carried by P3 is smaller than that of P1 by only 13%.
According to the results obtained from this parametric analysis, it can be noted that the pile
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load distribution is affected by the pile position, pile spacing and settlement level; however, it

is irrespective of pile number.

The above-mentioned results show that the piles near to the center of the raft are more

affected by the PR interaction effects which represent increasing pile skin friction caused by

increases in confining stress within the soil by raft pressure than the lateral piles and then the

corner piles. This is depending on settlement level or total load imposed on the raft surface. It

can be also noted that at initial settlement level, the portion of the load carried by pile

increases depending on its distance from the center of the group. But at ultimate state, the

portion of the load taken by pile increases depending on its nearness of the center of the

group.
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4.4 3D numerical investigation of piled raft interaction factors in soft clay conditions

In this study, using the code FLAC®P, a broad parametric study has been carried to
investigate the behavior of piled raft foundations subjected to vertical static loading in soft

clays considering the full 3D interactions between the soil, piles, and raft.

The purpose of this study is to assess the multiple interactions between the components
of piled raft foundation system subjected to vertical loading in the case of soft clays. For this
purpose, several types of foundations were considered including piled raft, group of piles,
unpiled raft, and single pile. For design optimization purposes, the interactions behavior in
the piled raft foundation system is also investigated by changing some parameters as piles
number and pile configurations. The change in these settings produces a wide variety of cases
to be studied.

The present numerical study focuses in particular on the evaluation of the raft-pile
failure interaction factor. The latter should be the ratio of the load-carrying capacity of
piles component, obtained at a settlement level of 10% of the raft width, to the ultimate
load of the group of piles, obtained at a settlement equal to 10% of the piles' diameter. It
should be noted that most researchers (Mali and Singh 2018; Park and Lee 2014; de Sanctis
and Mandolini 2006) go wrong when they estimate the failure interaction factor because
they do not take into account the different component sizes of the piled raft. To evaluate
the failure load factor #p, most researchers use Qgput, and Qp at the same settlement level
(10% Br ), therefore the value of 7, is often underestimated because the bearing capacity of a
pile group Qgp,uit is estimated at a level of settlement equal to 10% d, which represents a low
value compared to that obtained at 10% Br. As for the value of #r, this problem does not arise
because Qur,ut, and Qr are both estimated at 10% Br.

Because of the large amount of storage and time required for numerical calculation,
several numerical studies were not conducted until a settlement of 10% Br. Hyperbolic
extrapolation is often used to estimate the ultimate load of the piled raft (de Sanctis and
Mandolini 2006; Lee et al. 2010). In this study, the ultimate load capacities of each

foundation type are obtained at a settlement level of 10% Br.
4.4.1 Parametric Study

An extensive parametric study was carried out to analyze the behavior of piled raft
system subjected to vertical loading embedded in a soft clay profile using a variable number
of piles and pile spacing, considering the full interactions between the soil, piles, and raft.
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Various types of foundations were modeled, including piled raft (PR), unpiled raft (UR),
group of piles (GP), and single pile (SP) in order to investigate the piled raft interactions

behavior. Figure 4.15 shows the various types of foundations used in this parametric study.

Group of piles

Piled raft Soil surface Unpiled raft Single pile

Figure 4.15 Various types of foundations used for 3D numerical parametric study.

The PR foundations modeled using FLAC®P were composed of a square raft with width
Br = 10 m, thickness t = 1 m, and piles of 12 m in length (L) in different configurations. Four
cases of uniformly pile arrangements of 2x2, 3x3, 4x4, and 5x5 were considered,
corresponding to piles number of n = 4, 9, 16, and 25 piles respectively. The foundation size
was selected to allow for employing four commonly used pile spacing values (i.e. 3d, 4d, 5d,
and 6d) for n = 4, 9, and 16 piles and two pile spacing values (3d and 4d) for n = 25 piles,

with a pile diameter of 0.5 m, without changing the raft size. 14 pile configurations in total

were considered in this 3D numerical parametric study as shown in Figure 4.16.
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Figure 4.16 Various configurations of piled raft considered for parametric analysis

In this numerical study, attention was concentrated on the long-term response of a piled
raft embedded in soft clay, so the soft clay was simulated using the drained shear strength
parameters, @' and ¢’. The concrete material of the structural components and the properties of

the soft clay used in this study are summarized in Table 4.5.

Table 4.5 Material parameters used in the analyses, adopted from Jeong et al. (2004)

Model E(MPa) ¢’ (kPa) ¢'(°) v y (KN/m3)
Foundation Elastic 30000 - - 0.2 25
Soft clay Mohr-Coulomb 5 3 20 0.3 18
106
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4.4.1 Assessment of piled raft interaction effects from the computed results

e Pile group effect

Figure 4.17 presents the load-normalized settlement curves obtained from FLAC®P for
GP with different piles number and pile spacing and using n times SP load responses. Using
the load-normalized settlement curves of GP of 25 piles and 25SP in Figure 4.17a, it can be
seen that 25SP exhibit a higher load-carrying capacity than that of the GP up to a certain
settlement level of s = 2% Br for S, = 3d and s = 3.5% Br for S, = 4d (a difference of about
73% and 44% can reach for Sp = 3d and 4d, respectively at s = 0.5% Br, which corresponds to
the ultimate state of the piles, s = 10% d). However, after the settlement levels of s = 2% Br
and s = 3.5% Br, the load-carrying capacity of GP overestimates that of 25SP for both Sp = 3d
and 4d. A difference of about 8.5% is observed at s = 10% Br. It can also be noted that the
load-carrying capacity obtained from GP for S, = 4d was higher than that obtained from GP
for Sp = 3d until a settlement level of s = 6% Br (a difference of about 68% was noticed at s =
0.5% Br). However, after this settlement level, the load-carrying capacities obtained from GP

for the case of Sp = 3d and 4d became very comparable.
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Figure 4.17 Load-normalized settlement curves of GP for different n and Sp and using n times

SP load responses.

The load-normalized settlement curves of GP of 16 piles with different Sp, and 16SP are
plotted in Figure 4.17b. It can be observed that 16SP exhibits a higher load-carrying capacity
(16Qps) than that of the GP (Qgp) up to a certain settlement level of s = 1.25% Br, beyond

which 16Qps becomes lower than Qgp as much as the pile spacing decreases.

From Figures 5.17c and 5.17d, it can be noted that both the load-carrying capacity and
pile group effect in the case of a small group of piles is not significantly affected by pile
spacing.

For all the above, it can be indicated that the pile group interaction effect is significant
initially and then becomes negligible with the increasing settlement. Similar results and trends
were observed from the centrifuge test realized by Park and Lee (2015). However, it should

be noted that this is substantially depending on piles number.

Moreover, and for all the above, it can be revealed that at the initial settlement range,
the load-carrying capacity of the GP of n piles approaching that of n times SP as pile spacing
increases. This can be explained by the effect of vicinity between piles, as the pile spacing
increases as the pile in the group behaves like a single pile. The mobilized zone of the ground
beneath the piles is represented by contours of the maximum shear strain increment obtained
by FLAC?®P for the case of 16 piles and different pile spacing as shown in Figure 4.18. It can
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be seen that the group of piles with S, = 3d fails as a block but with increasing pile spacing,

the collapse mechanism becomes to be similar to that of the isolated pile.

Figure 4.18 Distribution of maximum shear strain for GP with 16 piles and different pile

spacing

The values of the pile group effect factor (Cq) were calculated (using Eq. 1.17 in chapter
1) and plotted in Table 4.6. The values of the Cy were lower than unity up to a certain
settlement level, beyond which the Cy value became close to unity. However, this
development depends on the number of piles and pile spacing. It should be noted that as
settlement increases, the pile group effect becomes less pronounced presenting unnoticeable
effects. This finding is in good agreement with the results of the centrifuge tests reported by
Park and Lee (2015).

The value of Cy4 at the ultimate bearing capacity for all considered pile group
configurations (s = 10% d, which is equivalent to s = 0.5% Br) varies from 0.58 to 1.02, with
an average of approximately 0.88. It should be noted that in soft clays, the increase of Sp
reduces the pile group effect at the initial settlement range. In contrast, the increase of n
increases significantly the pile group effect. However, as the pile spacing increases as the
effect of n on the GP performance becomes less significant. According to the results obtained
(Table 4.6), It should be mentioned that the number of piles has a preponderant effect

compared to pile spacing on the pile group effect.
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Table 4.6 Values of yq for different n and Sp

s/Br n=25 n=16 n=9 n=4
(%) 3d 4d 3d 4d  5d 6d 3d 4d 5d 6d 3d  4d 5d 6d
01 013 0,17 017 021 026 031 027 031 036 040 048 053 058 0.62
02 027 035 035 043 050 058 051 059 0.67 0.74 0.83 0.89 0.94 0.96
03 039 049 049 059 068 075 069 078 0.86 0.90 0.94 0.96 0.97 0.98
04 049 060 061 072 080 086 082 089 092 094 0.97 099 1.00 1.01
05 058 0,70 070 081 089 092 088 092 095 097 0.99 1.01 1.01 1.02
06 065 077 078 089 093 095 092 095 097 098 1.00 1.02 1.02 1.02
0.75 0.74 0.86 0.87 093 096 097 095 097 098 100 102 102 103 1.03
1 084 092 093 097 099 100 098 1.00 1.00 1.01 1.03 104 1.03 1.04
1.25 089 095 097 099 101 1.00 1.00 1.01 1.02 1.02 1.04 1.04 1.04 1.04
15 092 097 099 101 102 1.02 102 1.02 1.02 103 105 1.04 105 1.04
1.75 093 099 100 102 103 1.03 1.02 1.03 1.03 1.03 1.05 1.05 1.05 1.05
2 095 100 101 103 103 1.03 103 104 1.03 103 105 1.05 1.05 1.04
4 102 105 106 1.07 106 104 1.04 105 105 1.04 103 1.05 1.05 1.04
6 1.05 1.07 110 1.07 105 1.02 104 105 104 103 100 103 103 1.03
8 108 108 111 107 104 100 103 1.03 1.03 103 098 1.01 102 1.01
10 109 108 111 106 104 099 102 102 1.03 1.02 0.96 1.00 1.00 1.00

e Raft-Pile Interaction Effect

Figure 4.19 illustrates the load-normalized settlement curves of GP and Ppr for the case
of 25 piles with Sp = 3d and 4d. It can be observed that the load-normalized settlement curves
of GP and Ppr are almost identical up to a certain settlement level of s = 2% Br, beyond which
the load-carrying capacity of Ppr becomes relatively greater than that of GP. At settlement
level of s = 10% Br, maximum differences of about 12% and 22% were observed for Sp = 3d
and 4d respectively. This finding indicates that no significant interaction effect occurs at the
initial settlement range and some interaction effects appear with the increase of the settlement
level. This is explained by the fact that at initial settlement the piles of a piled raft carried the
almost of applied load with a minimal contribution of the raft, however with loading progress
and after the full mobilization of the piles bearing capacity, the portion of the load carried by
the raft increases and becomes more important, which increases the resistance by lateral
friction of the pile due to the increase of the confinement of the soil between the piles. This is
the raft-pile interaction effect.
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Figure 4.19 Load-normalized settlement curves of GP and Ppr, for the case of n = 25 piles,
(@) Sp=3d and (b) Sp=4d.

The load-carrying capacity of GP and Ppr of the case of 16 piles with different pile
spacing is presented in Figure 4.20. It can be observed that GP exhibits a slightly greater load-
carrying capacity than Ppr up to a certain settlement level of s = 1.5% Br. A difference of
about 25%, 17%, 11% and 4% at s = 0.5% Br is found for Sp = 3d, 4d, 5d and 6d,
respectively. Nevertheless, with the increase of the settlement, the behavior is reversed. The
load-carrying capacity of Ppr is significantly greater than of GP for different values of Sp. A
difference of about 25%, 33%, 36% and 41% is noted at settlement level of s = 10% Br for S,
= 3d, 4d, 5d and 6d, respectively.
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Figure 4.20 Load-normalized settlement curves of GP and Ppr, for the case of n = 16 piles
with different Sp.

So, from the above-mentioned results, it can be concluded that at the initial loading
stage, the difference between the load carried by GP and Ppr becomes negligible as much as
pile spacing becomes more important. This finding reveals that for the small settlement level,
the pile repartition on the whole raft area (area occupied by the piles almost equal to the area
of the raft) decreases the contribution of the raft component. However, as the settlement level

increases, the load-carrying capacity of Ppr becomes greater than that of the GP due to the
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raft-pile interaction effect which depends on the Sp. Wherein; the pile repartition on the whole

raft area increases the contribution of the raft component.

From Figures 5.19 and 5.20 it can be noted that the effect of pile spacing on the raft-pile
interaction depends on piles number. As piles number decreases as the pile spacing effect

becomes more significant. Similar results and trends were observed for cases of 9 and 4 piles.

de Sanctis and Mandolini (2006) conclude, #p = 1, based on comparing the load-
normalized settlement curves of GP and Ppr, which were tended to be approaching the same
limiting value at a final settlement of s = 25% d. The same observation is obvious in Figure
4.20a. Nevertheless, as explained earlier, when the settlement exceeds this limit (s = 25% d),
Qp began to diverge from Qgp (Qp keeps increasing, while Qgp remains almost constant).
Consequently, the settlement level of 25% d is not sufficient to judge and compare GP and

Ppr.

Also, as an example, the load-carrying capacities of Ppr (Qp) at the ultimate bearing
state of the group of piles (s = 10% d) markedly underestimate those at the ultimate bearing
state of PR (s = 10% Br) of about 356% and 282% for S, = 3d and 4d, respectively for the

case of 25 piles.

These results indicate that the piles components of piled raft system were fully
overloaded due to their different component sizes. Therefore, #p should be evaluated with
caution. The failure interaction factor #p should be the ratio of the load-carrying capacity of
Ppr, obtained at a settlement level of 10% By, to the ultimate load of GP, obtained at a
settlement equal to 10% d, Eq. 1.25 (in chapter 1). In this context, most researchers go wrong
when they estimate the failure interaction factor 7, because they compared Qgp,ut and Qp at the
same settlement level (10% By), without taking into account the different component sizes of

PR system.

The values of the failure interaction factor 7, are summarized in Table 4.7. For all
considered configurations, #p varies from 2.77 to 3.89 with an average of approximately 3.0.
It can be noted that increasing the Sp decreases the 7, value whatever the value of n, whereas

np increases with the increase of piles number.
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Table 4.7 »r and 7p values at ultimate state

Case n Sp Br N Mp
1 25 3d 10 0,434 3,890
2 25 4d 10 0,504 3,497
3 16 3d 10 0,596 3,617
4 16 4d 10 0,659 3,179
5 16 5d 10 0,722 2911
6 16 6d 10 0,784 2,771
7 9 3d 10 0,804 3,102
8 9 4d 10 0,824 3,032
9 9 5d 10 0,844 2,957
10 9 6d 10 0,873 2,847
11 4 3d 10 0,951 2,914
12 4 4d 10 0,954 2871
13 4 5d 10 0,953 2,838
14 4 6d 10 0,952 2,783

e Pile-Raft Interaction Effect

The load-normalized settlement curves of UR and Rpr, for different piles number and

pile spacing are represented in Figure 4.21. It can be noted that, for the entire settlement

range, the load-carrying capacity of Rpr is lower than that of UR for all n and Sp considered in

this study. This finding indicates that adding even a limited number of piles to the raft can

affect the performance of the raft.
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Figure 4.21 Load-normalized settlement curves of UR and Rpr, for different n and Sp

As an example, Figure 4.21a plots the load-normalized settlement curves of UR and Rpr
for the case of n = 25 with Sp = 3d and 4d. The load-carrying capacity of Rpr for the case of Sp
= 3d is higher than that for the case of Sp = 4d until a settlement level of s = 1% Br. After this
settlement limit, the raft behavior is inverted so the load-carrying capacity obtained from Rpr
with Sp = 4d overestimates that of Rpr with Sp = 3d. At ultimate state, a difference of about
16% was found. This means that, for a small settlement level, the area occupied by piles
increases as the piles’ contribution increases which inversely affects the performance of the
raft. However, for a high settlement level, the behavior is reversed in which the bearing
capacity of piles is fully mobilized because of the smaller pile foundation size. Besides, as
piles beneath the raft become more spaced as the raft contribution increases by the fact of the
raft-soil contact surface between piles became influential. Thus, the behavior of the raft is

approaching to be similar to that of the unpiled raft as pile spacing increases.

Similar results and trends are observed for the case of n =16 and 9 piles. While the pile
spacing effect becomes unnoticeable for the case of n = 4. It can be seen that the increase of
piles number considerably increases the piles’ effect on the raft performance and as a result,
the curve of Qur diverges more from that of Qr. At the ultimate state and for the case of Sp =
3d, the load-carrying capacity of Rpr is smaller than that of UR of about 131%, 68%, 24%,
and 5% for n = 25, 16, 9, and 4 respectively. It can be concluded that Sp affected the piles’

effect on the performance of the raft depending on settlement level and piles number.
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The 7 values at the ultimate state are summarized in Table 4.7. The #r values vary from
0.44 to 0.95, with an average of approximately 0.78. These results coincide perfectly with
those reported by de Sanctis and Mandolini (2006). It can be noted that # is proportional with

Sp, it rises as n increases. In contrast, 7y is inversely proportional to the pile number.

4.5 Summary

In this study, the load response of piled raft subjected to vertical loading in soft clay
condition has been investigated using the FLAC3P code considering all critical aspects of
interactions between the soil, piles and raft. Based on previous works and the obtained results
within the range of the parameters tested, the following conclusions and recommendations can

be drawn:

e The computation results clearly show that the load carrying capacity of PR obtained by
the sum of Qur and Qqgp, as reported by Lee et al. (2014), is significantly greater than Qpr
for the entire settlement range. Therefore, the neglect of these interaction effects could
considerably overestimate the ultimate bearing capacity of PR system. Moreover, the

interaction effects become more significant with the increase in the number of piles.

e The improvement of the load carrying capacity of PR with the increase in the number of

piles is more pronounced with the increase of the pile spacing.

e For different pile spacing, the evolution of the load sharing coefficient oy is divergent at
low settlement levels (s < 1% Byr) and then converges by increasing the settlement level.
This behavior can be explained by that most of the applied loads are carried by the piles
up a certain initial settlement beyond which the contribution of the raft increases

progressively and the load portion carried by the raft becomes more important.

e The pile load distribution is affected by the pile position, pile spacing, and settlement
level. At the initial settlement level, the part of the load carried by the piles is lower at the
center and higher at the perimeter. However, at ultimate state the load is more distributed
over all piles where the highest load portion is supported by the center pile.

e In the event of very limited settlement or that the increasing the number of piles poses a
problem for economic reasons, the distribution of piles at the periphery rather than at the
center of the raft will be a very effective alternative to improve the bearing capacity of

the piled raft foundation.
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e Since in the limit states approach, the ultimate capacity of the piled raft foundation
system is mainly reached at a high level of movement, the pile group interaction effect
can be negligent. Wherein, it was found less pronounced presenting unnoticeable effects.
However, for a very less level of settlements (service limit), the pile group interaction

effect was found significant depending on the number of piles and the pile spacing.

e Atinitial settlement the piles of a piled raft carried almost of applied load with a minimal
contribution of the raft, therefore no significant raft-pile interaction effect arises at this
range of settlement. However, with the increase of the settlement level, the raft-pile
interaction effect occurs. This is because that after the full mobilization of the piles
bearing capacity, the portion of the load carried by the raft increases and becomes more
important, which increases the resistance by lateral friction of the pile due to the increase

of the confinement of the soil between the piles.

e For the small settlement level, as piles constricted at the centered raft area as the
contribution of the raft becomes more pronounced. However, as the settlement level
increases, the load-carrying capacity of Ppr becomes greater than that of the GP due to
the raft-pile interaction effect depending on the Sp. Wherein; the pile repartition on the

whole raft area increases the contribution of the raft component.

e The piles components of piled raft system were fully overloaded due to their different
component sizes. The failure interaction factor #p should be the ratio of the load-carrying
capacity of Ppr, obtained at a settlement level of 10% By, to the ultimate load of GP,
obtained at a settlement equal to 10% d. Therefore, the direct comparison between Qgp,ut,
and Qp at the same settlement level, without taking into account the different component

sizes of the PR system is not recommended because it can make an error in estimating 7.

e Increasing the pile spacing decreases the raft-pile interaction factor, while it increases

with the increase of piles number.

e For a small settlement level, pile spacing increases as the piles contribution increases
which inversely affects the performance of the raft. However, for a relatively high
settlement level, the behavior is reversed in which the bearing capacity of piles is early
mobilized because of the smaller pile size. Besides, the behavior of the raft is
approaching to be similar to that of the unpiled raft as pile spacing increases by the fact of

the raft-soil contact surface between piles became influential.
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CONCLUSIONS AND
RECOMMENDATIONS

Piled raft foundations were developed as an effective and economic mode compared to
conventional foundations, which are a combination system of shallow foundation (raft) and
deep foundation (piles). This results in a complex system and gives rise to significant raft-pile-
soil interactions which affect the load response of piled raft foundations. The conventional
design methods are based upon relatively conservative assumptions of raft-soil-pile
interactions; as a result, they are in many cases inaccurate and unlikely to result in optimum
design. Thus, resorting to numerical analyses seems to be the most reliable method, mainly
because of the multiple interactions and the three-dimensional geometry. In this context, 3D
finite-difference analyses were performed using FLACSP code to investigate the behavior of
piled raft foundation in soft clays. The overall objective of the thesis focuses on the load
response and the multiple interactions between piled raft components. For this purpose, several
types of foundations were considered including piled raft, group of piles, unpiled raft, and single

pile.

The modeling methodology carried out in this study is validated against the results from
the popular analytical and experimental tests provided within the literature by comparing the
results in the same geological conditions and similar subgrade-structure.

The performance of the piled raft foundation and the interactions behavior between the
raft and piles in the system are also investigated by varying some parameters as piles number
and pile spacing to provide further insight into the mechanical response of piled raft and aim at
helping the engineers in taking a logical path in an iterative design process for a piled raft
foundation. Four cases of uniformly pile arrangements of 2x2, 3x3, 4x4, and 5x5 were
considered, corresponding to piles number of n = 4, 9, 16, and 25 piles respectively. The
foundation size was selected to allow for employing four commonly used pile spacing values
(i.e. 3d, 4d, 5d, and 6d) for n = 4, 9, and 16 piles and two pile spacing values (3d and 4d) for n
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= 25 piles, with a pile diameter of 0.5 m, without changing the raft size. 16 pile configurations

in total were considered in this 3D numerical parametric study

The material behavior of soil in this study is modeled with a linear elastic perfectly plastic
constitutive law using the Mohr-Coulomb failure criterion. The Mohr-Coulomb model, widely
used in the modeling of geotechnical works, has the advantage of requiring few soil parameters
and that all these parameters can be obtained from the standard soil tests. Both raft and piles
are made from reinforced concrete which is modeled as a linear elastic material. The foundation

system is subjected to a vertical static load.

The results of this research were presented in the form of charts and tables, and the
detailed conclusions for the pile group and piled raft foundations were presented at the end of
chapters four and five, respectively. Nonetheless, it is useful to recall here the most important

conclusions.

e The efficiency coefficient of the pile group was often lower than unity for different pile
spacing and piles number due to interaction effects between piles. So a value of efficiency
coefficient of unity for pile groups in clay could considerably overestimate the bearing

capacity of group of piles essentially for cases of large piles number.

e Although the bearing capacity of the pile group increases with increasing number of piles,
the efficiency of the pile group embedded in soft clay is very important in the case of a
small number of piles. Whereas, the pile group bearing capacity can be improved simply

by increasing the pile spacing without increasing the number of piles.

e Among all popular formulas considered in this research, the Los Angeles group action and
Converse-Labarre methods lead to comparable Cq4 values to those obtained from present
3D numerical results. While, the method suggested by McCabe and Lehane would have
required a higher number of piles to ensure the stability of the structure which requires

more resources e.g. concrete, energy. ..

e Based on the present finite difference analysis results, a new efficiency coefficient formula

was proposed as a function of pile spacing and the number of piles.

e The computation results clearly show that the load carrying capacity of piled raft
foundation obtained by the sum of Qur and Qgp, as reported by Lee et al. (2014), is
significantly greater than Qpr for the entire settlement range. Therefore, the neglect of these

interaction effects could considerably overestimate the ultimate bearing capacity of piled
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raft foundation system. Moreover, the interaction effects become more significant with the

increase in the number of piles.

e The improvement of the load carrying capacity of PR with the increase in the number of

piles is more pronounced with the increase of the pile spacing.

e For different pile spacing, the evolution of the load sharing coefficient op is divergent at

low settlement levels (s < 1% Byr) and then converges by increasing the settlement level.

e The pile load distribution is affected by the pile position, pile spacing, and settlement level.
At the initial settlement level, the part of the load carried by the piles is lower at the center
and higher at the perimeter. However, at ultimate state the load is more distributed over all

piles where the highest load portion is supported by the center pile.

e In the event of very limited settlement or that the increasing the number of piles poses a
problem for economic reasons, the distribution of piles at the periphery rather than at the
center of the raft will be a very effective alternative to improve the bearing capacity of the

piled raft foundation.

e Since in the limit states approach, the ultimate capacity of the piled raft foundation system
is mainly reached at a high level of movement, the pile group interaction effect can be
negligent. Wherein, it was found less pronounced presenting unnoticeable effects.
However, for a very less level of settlements (service limit), the pile group interaction effect

was found significant depending on the number of piles and the pile spacing.

e For the small settlement level, as piles constricted at the centered raft area as the
contribution of the raft becomes more pronounced. However, as the settlement level
increases, the load-carrying capacity of piles in the piled raft foundation becomes greater
than that of the freestanding pile group due to the raft-pile interaction effect depending on
the pile spacing. Wherein; the pile repartition on the whole raft area increases the

contribution of the raft component.

e The piles components of piled raft system were fully overloaded due to their different
component sizes. The failure interaction factor #p should be the ratio of the load-carrying
capacity of in the piled raft foundation, obtained at a settlement level of 10% B;, to the
ultimate load of the freestanding pile group, obtained at a settlement equal to 10% d.

Therefore, the direct comparison between Qgpuit, and Qp at the same settlement level,
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without taking into account the different component sizes of the piled raft system is not

recommended because it can make an error in estimating #p.

e Forasmall settlement level, pile spacing increases as the piles contribution increases which
inversely affects the performance of the raft. However, for a relatively high settlement
level, the behavior is reversed in which the bearing capacity of piles is early mobilized
because of the smaller pile size. Besides, the behavior of the raft is approaching to be
similar to that of the unpiled raft as pile spacing increases by the fact of the raft-soil contact

surface between piles became influential.

e Further 3D investigations will be carried out on more complex cases of piled raft under
vertical and lateral loadings, especially on the influence of soil-structure interfaces

parameters, the stiffness of materials, the number of piles and the piling configuration.
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ANNEX

PRACTICAL ENGINEERING EXAMPLES (CASE STUDIES)

In the last decade, many high-rise buildings around the world are constructed which are
supported by piled raft foundations in various soil profiles. Some of these tall buildings are

briefly summarized in the following.

e La Azteca building, Mexico

This building exerted a total average load of approximately 118 kPa and was located on
a soft and very deep clay which was also subjected to subsidence of the ground surface resulting
from the extraction of groundwater. The case of the La Azteca building was described by
Zeevaert (1957). The building was founded on a piled raft foundation, consisting of a 6 m deep
excavation with a raft supported by 83 concrete piles of 0.4 m in diameter and 18 m in length.

Figure A.1 shows the building of La Azteca.

Figure A.1 La Azteca building, Mexico ( Poulos 2016)
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Since the building was constructed before the development of numerical tools and
computers, the challenges, in this case, were to design a foundation for a relatively tall building
based on soft, very deep clay.

According to Poulos (2016), the measured settlements were about 20% lower than those
calculated by Zeevaert (1957) but confirmed the predictions fairly well. Details of the piled raft
foundation, soil profile, settlement calculated by Zeevaert (1957), and the measured settlement
are shown in Figure A.2.
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Figure A.2 Details of La Azteca foundation (Zeevaert 1957)

e Burj Khalifa, Dubai

The Burj Khalifa project consisted of a 160-story tower, with a podium development
around the base of the tower, comprising a 4-6 story garage. Figure A.3 shows the Burj Khalifa
building. The Burj Khalifa building is the tallest tower in the world with about 828 m. It is
based on a 3.7 m thick raft supported by bored piles with 1.5 m in diameter and approximately
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50 m in length. The Burj Khalifa is described in detail by Poulos and Bunce (2008), and/or
Poulos (2016).

The main challenges, in this case, were to undertake an economic foundation design of
the tallest building in the world, where the foundation conditions were relatively weak rocks

and large wind loads had to be withstood (Poulos 2016).

Figure A.3 Burj Khalifa building (Poulos 2016)

A sensitivity analysis was performed by Poulos and Bunce (2008) using the finite element
analysis model (ABAQUS) by applying the maximum nonlinear stress-strain relationships of
soil strata. Figure A.4 shows the contours of the maximum axial load obtained from the
numerical analysis. According to Poulos (2016), the maximum loads occur at the corners of the
three 'wings' and were in the order of about 35 MN, while the minimum loads occur in the

center of the group in the order of about 12- 13 MN.
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Figure A.4 Contours of the maximum axial load obtained from the numerical analysis
(Poulos 2016)

e Incheon Tower, South Korea

The Incheon building in Figure A.5 is described in detail by Badelow et al. (2009), Poulos
et al. (2011) and Abdelrazaq et al. (2011). The 151-story Incheon tower, located on reclaimed
land built on soft marine clay in Songdo, Korea. The piled raft foundation considered for the
Incheon building comprises 172 bored piles with 2.5 m in diameter, indulged into the layer of

soft rock and combined to a 5.5 m thick raft.
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Figure A.5 Incheon tower, South Korea

The challenges, in this case, concern a very tall building, sensitive to differential settlement,
and to be built on a site with very complex geological conditions. As reported by Poulos (2016),
the number, arrangement, and size of piles were obtained from a series of experimental analyses
through collaboration between the geotechnical engineer and the structural designer. The pile
length was determined by the geotechnical engineer, taking into account the performance and

capacity of the piles. Figure A.6 shows the plan view of the piled raft foundation.
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Figure A.6 Plan view of piles arrangement (Poulos et al. 2011)
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e Djeddah Tower , Saudi Arabia (Tower on karst limestone)

Figure A.7 shows an architectural rendering of a high-rise project in Jeddah, Saudi
Arabia, comprising a building over 390 m high. karstic conditions were found in certain areas
of the site. The occurrence of cavities karstic in the ground can be followed by a decrease in the
capacity of any piles in the group, thus setting up a raft can allow redistributing the load to the
other piles in the group, and therefore a piled raft was considered for this building (Poulos
2016). The main challenges of this project were to assess whether the negative effects on the
performance of the foundations of the limestone cavities would be within acceptable limits, or
whether special treatment would be required to provide an adequate foundation system (Poulos
et al. 2013; Poulos 2016).

Figure A.7 Architectural rendering of the Jeddah Tower, Saudi Arabia (Poulos 2016)

As reported by Poulos (2016), the piled raft foundation of the tower consisted of a 5.5 m
thick raft, which was supported by 145 bored piles with 1.5 m in diameter. A pile length of
about 40 m was assessed as necessary to support the declared service load of 22 MN per pile,
based on a safety factor of approximately 2.4. Figure A.8 shows the plan view of the pile

configuration.
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Figure A.8 Plan view of pile configuration (Poulos 2016)
e Frankfurt Tower, Germany (Messeturm)

The Messeturm tower of Frankfurt city in Germany is a tall building consisted of about
63 floors 257 m high. The Messeturm tower was built on piled raft foundation embedded in
Frankfurt clay (Figure A.9). It is the second tallest building in Frankfurt, the second tallest
building in Germany, and the third tallest building in the European Union. It was the tallest
building in Europe from its achievement in 1991 until 1997 when it was overtaken by the
Commerzbank Tower, also located in Frankfurt. The Messeturm tower foundation was a piled
raft foundation consisted of a square raft of about 58.8 m in width, and a maximum thickness
of 6 m in the centre, and a thickness of 3 m at the edges. The raft is located between 11 and 14
m below the ground surface, supported by 64 bored piles with a diameter of 1.3 m and a length
of 34.9, 30.9, and 26.9 m in the inner, middle, and outer ring, respectively as shown in Figure
A.10. More details on the Messeturm tower were reprted in the research work of Katzenbach et
al. (2000, 2005) and/or Reul (2000).
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Figure A.10 Pile arrangement (Katzenbach et Leppla 2015)

According to Katzenbach et al. (2014), a pure piles foundation (a pile group) would have

required 316 piles 30 m in length. Compared to the piled raft foundation of 64 piles and an
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average length of about 30 m, a pile group foundation would have required more resources, e.g.

concrete and energy, more time, and would require more than 3.9 million euros extra costs.

e Mirax Plaza in Kyiv, Ukraine

Figure A.11 presents a 3D architectural rendering of two buildings, each 192 m high (46
stories), as part of the Mirax Plaza project in Kyiv, Ukraine. The Mirax Plaza project is a
shopping and amusement center and an underground car park, involving an area of about
294,000 m2 cutting a natural slope of 30 m high. Figure A.12 illustrates a cross-section of the
project. As reported by Katzenbach et al. (2013), the design of the foundation considers a piled
raft foundation with 64 barrettes 33 m in length and a cross-section of 2.8 m x 0.8 m. The 3 m
thick raft is located 10 m deep beneath the ground surface. The loads calculated on the barrettes
were about 22.1 MN to 44.5 MN. The load on the outer barrettes was approximately 41.2 MN
to 44.5 MN, which considerably exceeds the loads on the internal barrettes with a maximum
value of about 30.7 MN. This behavior according to Katzenbach et al. (2013) is typical for a

piled raft foundation.

Figure A.11 3D architectural rendering of Mirax Plaza in Kyiv, Ukraine
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Figure A.12 Project cross-section (Katzenbach et al. 2013)

By using advanced optimization approaches and taking advantage of the benefits of the
piled raft foundation, the number of barrettes could be reduced from 120 barrettes 40 m in
length to 64 barrettes 33 m in length. Optimization of foundations results in a considerable
reduction in the resources (construction materials, energy, etc.) and cost savings of around 3.3
million US dollars (Katzenbach et al. 2013).

e Hyde Park Barracks, London

The Hyde Park Barracks are in Knightsbridge in London center, on the southern edge of
Hyde Park, and often were known as Knightsbridge Barracks. The building is 90 m high and
has a two-story basement located 8.8 m below the ground surface. Figure A.13 presents the
building of Hyde Park Barracks. The piled raft foundation is supported by 51 bored piles with
a diameter of about 0.91 m and a length of about 24.8 m which are arranged symmetrically

under a 1.5 m thick raft.
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Figure A.13 Hyde Park Barracks building, London

Figure A.14 exposes the soil profile and the piles and raft properties as presented by

Hooper (1973), as well as the pile configuration.
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Figure A.14 Hyde Park Barracks Foundation Details (Hooper 1973)

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 143



Annex

¢ Nineteen-story residential tower, Japan

According to Yamashita et al. (2011), the geotechnical investigation of this project
showeded that the ground layer is composed of loose to medium sand of 63 m deep, underlain
by a dense sand layer. Also, it was found that the water level was at a depth of 3 m from the
ground surface. A piled raft foundation was suggested for this project to decrease total and
differential settlements. The piled raft foundation consists of 28 bored piles 63 m in length.

Figure A.15 presents the detail of the soil profile and foundation.
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Figure A.15 Soil profile, foundation plan and elevation of nineteen-story residential tower
(Yamashita et al. 2011)

e Eleven-story building in Aichi Prefecture, Japan

The building is 60.8 m in height, and located in Aichi Prefecture in Japan. Figure A.16
shows a schematic view of the building with the soil profile. The building occupies an area of
80 m by 43.5 m. The level of the foundation is mainly at a depth of 3.0 m, and partly at a depth
of 3.6 m, from the ground surface. The water table appears about 17 m below the ground

surface.
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Figure A.16 Schematic view of the building with the soil profile (Yamashita et al. 2011)

In this project, a piled raft foundation of 40 piles was proposed to reduce the differential
settlement of the raft to an acceptable level. The cast-in-place concrete piles are 27.5 m and
26.9 m in length. Various pile diameters were adopted varying with the depth. Figure A.17

illustrates the pile arrangement under the raft. More details are reported in the the research work
of Yamashita et al. (2011).
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Figure A.17 Pile arrangement (Yamashita et al. 2011)
e Osaka Hospital, Japan

The hospital building is located in Osaka and consists of a thirteen-story high-rise section
51.3 m high above the ground surface and a four-story low-rise section. The building foundation
level is at a depth of 6.4 m below the ground surface. The high-rise section is a steel-framed
structure, and the low-rise section and the basement are reinforced concrete constructions. The
hospital is built on an area of 55 m by 45 m. Figure A.18 shows a schematic view of the hospital

construction. The hospital project is described in detail by Yamashita et al. (2011).
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Figure A.18 Schematic view of the hospital construction with soil profile (Yamashita et al.
2011)

As reported by Yamashita et al. (2011), the average contact pressure on the raft was 196
kPa in the high section (13 stories) and 114 kPa in the low section (4 stories). Two foundation
types were proposed for the hospital building, an unpiled raft and piled raft foundation in the
low-rise section, and in the high-rise section, respectively. The piled raft foundation was
proposed not to cause consolidation settlement and excessive differential settlement along with
the interface between the high and low sections. Therefore, to reduce the consolidation and
differential settlement, the proposed piled raft foundation is composed of 70 driven piles with
a length of 19 m on the inside, and 198 H-steel piles built into diaphragm walls along the
perimeter. Figure A.19 shows detail on the pile arrangement.
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Figure A.19 Pile arrangement (YYamashita et al. 2011)
e The forty-seven-story residential tower, Japan

The 162 m high forty-seven-story residential tower is located in Nagoya, Aichi Prefecture. The
building occupies an area of 50 m by 30 m. Figure A.20 (a) illustrates a schematic view of the
building and the foundation with the soil profile. The building is a reinforced concrete structure
with a base isolation system. The tower project is described in detail by Yamashita et al. (2011).
According to Yamashita et al. (2011), a piled raft foundation consists of a reinforced

concrete raft, located 4.3 m below the ground surface, and 36 bored piles 50 m in length, is
proposed. The foundation detail is shown schematically in Figure A.20(b).
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Figure A.20 Detail view of the building (a) Schematic view with soil profile (b) Pile
arrangement (Yamashita et al. 2011)

3D numerical modeling of the behavior of piled raft foundations in the case of clay soils 149



