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ABSTRACT

THREE-DIMENSIONAL FI NITE ELEMENT MODELLI NG IN PILED
RAFT FOUNDATION DESI GN

S o n gSinem
Master ofScience Civil Engineering
SupervisorAssist. Prof. DrNe j an Huv aj Sar éhan

June 2019146 pages

This thesis is about optimization of load sharing between piles and raft. Starting with
comparison oftwo pile modelsnamedvolume pile and embeddedpile in a finite
element software, verification with an existing buildingsmade. In thenextpart of

the thesis, optimization on pile configuration, pile length, soil type and soil models are
presentedBased on the results, it can be concluded that as spacing over diameter ratio
increases, settlement reduction ratiso increaseandpiled raftcoefficient, which is

ratio of the axial load on piles over total load, decreases. Moreover, increase in single

and total pile lengthalso increases thgiled raft coefficient, whereas it decreases

settlement reduction ratibastly, it is implied thatavalue offi 8 0 of tfootra | l engt
pil es [ | en deadstooptimusicandjtiorisr alp cadescadalyzed in this
study.

Keywords: Piled Raft Foundations, Volume Piles, Embedded Piles, Optimization,
Finite Element Modelling
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CHAPTER 1
INTRODUCTION

1.1.General Information

A pile foundation consists of three elements namely pile cap, certain number of piles
and the soil. Conventional pile foundation design assumes that piles carry all structural

loads and the pile cap does not contribute to the load carrying capacity.

In the last few decades, piled raft design concept has been increasingly used for the
foundation design of many buildings especially high rise buildings and towers. Unlike
the conventional pile foundation design, this design approach considers the
contributionof the raft to the load carrying capacity. In other words, structural load is
confronted by bothhe raft andthe piles (Figure 1.1). In this case, piles serve for
controlling total and differential settlement in addition to load carrying.

For the piled aft foundation design, several interaction mechanisms are required to be
considered, such as the pdeil, raftsoil, pile-pile and pileraft interactions (Figure
1.2).

\'}
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Figure 1.1. Representationoftotale r t i c & kaadi éd by different
(Mandolini et al., 2013)

f

oL



1—0—,‘—

ry

’ﬂTI ppnnnnn=iagl

'I'[U' k| T_U i TJ‘TIHIHIT{UU

R, }. (%) &y Rims }
— 4—D
A ] A
T
Interaction between
CPRF and Soil o(x,y)
Uy il arlllm atl
Yo/ g
B N P N ey | s
i IR A G L
DR PP A I ) PR
y | J s L _ @ JqS.j
“5 g T 0,
’II/ 8 ’IV 8 /IV

Figure 1.2. Mechanism and interactions of combined paé foundation (CPRF) (ISSMGE, 2013)

Conventional pile foundation designsemetimes moreonservative and piled raft
foundation desigrmay providea more economic design approach compared to
conventional desigrin the case of piled raftjree the piles are used more efficiently

and loads$ shared between piles and rafinecessary number of pilesiy beavoided

and a mordeasibleway of design is provided by ensuring the safety of the structure.

It should be noted that in certain cases such as clay soils raft may lose contact with

underling clay when clay undergoes volume change and piled raft may act like pile

foundation.

Interactions:

(D Pile-SoilHnteraction
(@ Pile-Pile-Interaction
(3 Raft-Soil-Interaction
(@ Pile-Raft-Interaction



1.2.Problem Statement

Finite element method (FEM) is generally used in the design of piled raft foundations.
Analytical solutions, laboratory studiesperiments and reahse measurements are
compared with the results of finite element solutions in various studies in order to
provide verification of them. There are many examples of designs conducted via FEM
analyses in the literature such as Reandolph (2003Rrako® & Kulhawy (2001)

and S°nmez (2013).

In this study, piled raft foundation is modelled thyeedimensionalfinite element
method, using Plaxis 3D software. In order to provide a guideline for designers, it is
essential to combine variables such as sgpet soil model, pile length, pile
configuration and pile modelling approach. Therefore, this thesis focuses on

examining the effects of these variables.
1.3.Research Objectives

This study aims at investigating the lesttaring and settlement characteristi€s o

piled raft foundations. More specific objectives are as follows:

(1) To study the load sharing mechanism between the piles and the cap by the help

of threedimensional finite element analyses

(2)  To calculate settlements via finite element analysesaodmpare them with

the results of real cases

(3) To provide an optimum design by changing the length, configuration or
geometrical positioning of piles in sands and clays under various material models

4 To design the piles byeddetdh pd V celdu niee ap
Plaxis 3D finite element program and to compare the results of different approaches
in order to check whether embedded pile can replace volume pile or not due to time

concerns



1.4.Scope

This study investigates the design of piled raft foundations by Plaxis 3D finite element
software. In Chapter 2, literature review is preseniegkign methodology, volume

pile and embedded pile properties of softwa@nenumerical and experimental
studies are summarized by researching bearing capacity and settlement results. In
Chapter 3, methodology and comparison of volume pile and embedded pile properties
of Plaxis 3D are provided by verification of a real case. In Chapter 4, two hypothetical
cases cosisting of either sand or clay are studied by using embedded pile property.
Moreover, building and analyzing a model in Plaxis 3D are also presented. In Chapter

5, results of the analyses and conclusions are discussed.



CHAPTER 2

LITERATURE REVIEW

2.1.Design Methodology of Piled Raft Foundation

Mandolini et al. (2013)consider the fact that piles and the raft both carry the total
structural load ircollaborationin the piled raft foundation design concept. In other

words, the total structural load g% is shared among piles and the raft unlike the

conventional pile foundation design concept that ignores the load capacity of the raft.

Mandolini et al. (2013) repesents the aforementioned load sharing behavior with a
| oad s h a p)iamong piles and the rgftEnd describes the load sharing ratio as
the portion of the load carried by the piles. (Eqn 2.1)

B o j %Rl
1 B — oN ¢
wherehn 0 represents t hpgeorepresebtethe load carped byeas a n
single pile.
As il lustratg=dinpliesaFagur £o@ndatUmpliesavher e a:

pile foundation without support of the raft. For a piled raft foundationJQ<1

condition is valid.

In the study, a chart for foundation selection is presented in Figure 2.1 that defines
some design approaches including CBIagacity Based DesignCSBD (Capacity

and Settlement Based Design), SBBettlement Based DesigrRBD (Raft Based
Design) and DSBD[ifferential Settlement Based Des)gn

Br Raft width

Rur Unpiled raft resistance



Wur, Wadm Average settlement of the unpiled raft and admissiberage

settlement

FS Factor of safety

10,0 7
CBD or CSBD SBD o DSBD

[3]
4

._,

[5]

—_
o

A (Br = Bgpt) T~ RBD

Wur/Wadm [

unrealistic [1]

0.1 T T — T ; T — T
0 1 2 3 4 5 6
FSur = Rur/Vpr [

Figure 2.1. Selection chart for design approgdhandolini et al., 2013)

For a convenient FS=3, AAO poi ntdwami ght be

equals to 1.
Point 1 represents RBD in whichvand FSr are acceptable.

For Point 2 and Point 3, both thenand FSr are not acceptable since\ws greater
than wamand FSr is under the convenient limit. In order to overcome the FS issue

and settlement problem, piles must be added to the system.

For Point 4 and Point 5, kSs acceptable. However,,ws not acceptable since it is
greater than wim In order to decrease tlsettlement, piles must be added to the

system.

Poulos (2001)explains the design concept and issues of piled raft foundations by

defining the stages of the design process with favourable and unfavourable conditions.



Just like the any other foundation &ss, the issues of ultimate load capacity under
the lateral, vertical and moment loads, total maximum and differential settlements,
structural design properties of raft and piles such as moment, shear for raft and axial

load for piles must be consideredthe design of piled raft foundations.

Poulos (2001) reported thaaviourable soil conditions in which the piled raft
foundations can be successfully applied are stiff clays and dense sands. On the other
hand, unfavourable soil conditions include softyslar loose sands close to the
surface, soft compressible layers at the bottom layers and the layers prone to swelling

or consolidationln such cases, rafioil contact shouldlways exist

Various design approaches are available related to piled rafige more precise, load

and settlement behaviour of piled raft foundation depending on different design
approaches can be seen at the FigiteCQurve 0 represents the raft only design with
excessive settlements. Curve 1 is the traditional design apptioaicthe piles are
assumed to carry the total | oad. Curve
piles are designed to carry the working load correspondingt80% of the ultimate

load with a lower factor of safety comparedCiarve 1. Curve 3ywhich belongs to the

case in which the pileare placed effectively to control differential settlement,
represents the optimum solution by meeting the minimum requirements of design load

and allowable solution while the others seem to be over or uledgned.

Curve 0:
Raft only (settlement excessive)
Curve 1:
1 Raft with pile designed for conventional safety factor
Curve 2:
Raft with piles designed for lower safety factor
. Curve 3:
P_lles_ and raft Raft with piles designed for full utilization of capacity
Piles yielding
yielding

3

Load

No
yield 0

Design - —ff — ™= — — —

load |
| Allowable
/ seftlement
i

Settlement

Figure 2.2. Load and settlement curves of diverse design appro&ebetos, 2001)
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Finally, the crucial points and stages of the design process are summarized as below:

1 In the first stagenecessary number of piles is determined in order to provide
to fulfill the requirements of design load and allowable settlements.

1 In the second stage, pile location and general properties are determined
according to the loading.

1 In the last stage, detailsf the design are presented such as location,
configuration and number of the piles and the load, moment and settlement

results of raft and piles are computed.

Poulos (2002)discusses the design issues of piled raft foundations by explaining the

essentiapoints to be considered by the designers.

Piled raft foundations can effectively be used in cases in which the raft alone can
almost meet the load carrying capacity but cannot adequately meet the requirements
of allowable total and differential settlemeniTherefore, first, the performance of
unpiled raft should be analyzed when starting the dedigen, the main points
including raft thickness, pile type, pile configuration, pile length and pile diameter
must be decided. For this decision, overall weaitiioad capacity, overall load

settlement behaviour and overall differential settlement must be considered.

In overall load settlement pamoulos (2002proposes the following equations to
determine the stiffnesf piled raft and the load taken by réftoulos & Davis, 1980
Randolph & Clancy, 1993

. ’?’Q ’?’Q p c| ' ' ‘
0 5 On é&
P I
0 Q
FoR ~ P_| O ﬁ é&
L Q Qp ¢



wherekyris piled raft stiffnessgp is pile group stiffneski s r af tpisrafti f f nes s
pile interaction factor, As the load carried by raft andiB the total loadFinally, in

the result of above equatis, following chart is obtaing@Figure 23.). kyris calculated

from Eqn 2.2 and it is operated until Point A. Beyond Pgink: is operated until

Point B. After this point, ultimate load capacity of piled raft foundation is reached.

P _____________
u \B
Load :
|
P :
I
. |
Pile + raft ;
s
elastic |Pile capacity fully utilized, | Pile + raft ultimate
| raft elastic | capacity reached
| |
1 L
Settlement

Figure 2.3. Load settlement curve for preliminary desi@oulos,2002)

The studies ofClancy & Randolph (1996),provide a basis foPoulos (2002and
recommend the following parameter range in Talle 2.

Table2.1. Explanations of paramete(€lancy & Randolph, 1996)

Soil Pile Raft
Young’s modulus Eg Young’s modulus E, Young’s modulus E;
Poisson’s ratio v Length L, Poisson’s ratio v,
Diameter d, Thickness ¢,
Spacing s, Length L.
Breadth B,

Table2.2. Recommendations for parameté@ancy & Randolph, 1996)

Dimensionless group Definition Practical range
Pile slenderness ratio Ly/d, 10-100
Pile spacing ratio spldy 2-5-8
Pile-soil stiffness ratio Ko = EJ/E, 100-10000
Raft plan aspect ratio L./ B, 1-10
Lo . AE Bt (1 — v
Raft—soil stiffness ratio s = m 0-:001-10




Given chart in Figure Z.p r o v ipdiauss fddvarious square raft configurations
with the values ok p/dp = 25,Kps= 1000 ands =10. Moreover, detailed information
and di fvValees éonother parameters are presented by the chartsstuthe
of Clancy & Randolph (1993).

0-900

0-800

0.700\ I\{L
X \ oo —

0-500 l\.\.

0-400
2 3 4 5 6 T 8 9
Pile spacing sp/dp
B 1 x 1 pile group 0O 2x 2 pile group @ 3x3 pile group O 4x4 pile group
A 5 x5 pile group A 6x6pile group @ 7 x 7 pile group O 8x8 pile group
X 9 x 9 pile group sk 10 x 10 pile group <+ 11 x 11 pile group = 12 x 12 pile group

Figure 2.4. U, values for ly/d, = 25, Kys= 1000 and k =10 (Clancy & Randolph1996)

Prakoso& Kulhawy (2001) proposes a design method that is the result of a detailed
parametric study for piled raft foundations. This design method is presented

schematicallyn the given flowchart in Figurg.5.
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Determine: Allowable Average
and Differential Displacements

I

N Consider Y_ | B,/B.=04-06
Both

Determine Pile
i'N Depth, D —
B,/B,=04-06 (with assumed S, B, t,)

Average
Displacement

Increase B,/ B,

Determine Pile
L Depth, D g
(with assumed S, B, t,)

Displacements
< Allowable

N Recheck for
Displacements

\
T Y
- Pile to raft area ratio = 5 - 6% Determine Pile Spacing, | | - For reference displacement
- Smaller B S, &Pile Diameter,. B« Q,=(04-0.7)-Q,~(1.0-15)-Q
- For differential displacement
2
- : Determine Q,/qBy"~15-2.0 for B, < B,
Pile Structural Capacity Raft Thickness, t Q,/qB =11-15frB =B,
Convergence i
Y

Design Values

Figure 2.5. Design method flowchart for piled raft foundatiqigakoso & Kulhawy2001)

Design method in Figure 2is explained step by step in the following part:

1 Firstly, allowable average antifferential settlements are determined.

1 Pile group to raft width ratio (8Br) determination is the next step. If the focus
is the average settlemeBiy/B; ratio is assumed as 1. However, if the focus is
just the differential settlement or both average settlement and differential
settlementBy/By ratio is assumed as40' 0.6. Based on this value, pile depth
(D) is determined and settlement values are clibfikeallowable limits. If it
does not fulfill the requirement8y/Br value is increased and the process is
repeated until the requirements are met.

1 Inthe next step, pile diameter and pile spacing is determined according to the
valuespile to raft areaatio (Rareg, pile group capacity{Qg), and the pile

structural cpacity:.
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1 Inthe final step, raft thickness)(ts determined based on structural design.

El-Mossallamyet al. (20®) defines the behaviour of piled raft foundation design as

in the followingfigure sothatk=1 means conventiongéts raft four
closer to zerogonventional pile foundation is observed.@<1 is the region of piled

raft foundationOnthe ot herOhmednsUconventi onal raft fo
gets closer to 1, conventional pile foundation is observedl 84 is the region of

piled raft foundation.

0.0 0.2 04 0.6 0.8 1.0
1 1

0.0 ! ! » O
0.5 -
1.0 o _ .

<«—]  Piledraft  |}—»
O

v v

Conventional raft Conventional piled

foundation foundation

Pile load share
(I.L = —_——
Total load
__ Settlement of piled raft
Settlement of traditional raft

g

Figure 2.6. . andU. values for piled raft foundatiotesign

2.2.Volume Pile and Embedded Pile Properties

Engin et al. (2008) investigates the reliability of embedded pile property of Plaxis

3D by comparing the finite element software results to field test results.

Embedded pile is a slender beam element which has skin and tip interfaces with the
surrounding soil. The advantage of this property is that the piles can be placed in
arbitrary direction and location in the soil elements even though 3D finite element

meshhas been generated.

12



In this study, single pile behaviour is examined by both field tests for which the cases
of compression pile test case and tension pile test case. These cases are also modelled

by embedded pile property of Plaxis 3D.

The first real cae is Alzey Bridge pile. The soil profile consists of silt at the upper
part underlied by over consolidated stiff plastic clay. Pile load test cells are placed on
tip of the pile to measure the compression load. Skin friction is computed by

subtracting théip resistance from the total load.

Tension pile tests are conducted on the bored piles in South Surra, Kineattiae
soil profile consists of cemented desert sand which is detailed in the stlsya
et al. (1994)Both the compression pile m&urements and tension pile measurements

are found compatible with embedded pile results as shown in Figure 2.

South Surra Tension Tests on Cemented Desert Sand

Pile capacity

3000 +

2500 Skan friction

e e e —
]

- - - Pile Capacity - 5.3 m long pile
——5.3 m Test Pile
—— Embedded Pile - 5.3 m long pile
— - Pile Capacity - 3.3 m long pile
V ——3.3m Test Pile
0

—— Embedded Pile - 3.3 m long pile

1000 =

A 1
500 fr—— == Testresult

—— Embedded pile

0 ¥
0 10 20 30 40 50
Displacement (mm)

0 10 20 30 40
Settlement (mm)

(@) (b)

Figure 2.7. (a) Alzey Bridge pile test and embedded pile model load resul8oflth Surra pile test
and embedded pile model load res(#iagin et al, 2008)

In the study ofDao (2011) Plaxis 3D embedded pile property is validated by
comparing with Plaxis 3D volume pile property and real measurements in the design

of laterally loaled piles.
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Firstly, a simplified model is created with the boundaries 8 m in x direction, 8 miny
direction and 1 m in z direction. An embedded pile with 1 m length is placed at the
origin of the model and the displacement in z direction is restrainel@ Wwie
displacement at the pile foot is allowed in x and y direction. In order to refine the mesh
around the embedded pile, a cylinder with 1D diameter is placed around the embedded

pile. The cylinder has the same prdjes with the soil. (Figure 8.(a))

Secondly, the same geometry is created for the volume pile as well. However, unlike
the embedded pile generation, a material data set for concrete is assigned to the soll
volume that represgs the volume pile. (Figure (b)) Rinter value whichrepresents

the roughness of the pile soil interaction is assumech@s-R. and Rier= 0.5 for two

different volume pile model.

() (b)

Figure 2.8. (a) Embedded pile model view (b) Volume pitedel view(Dao,2011)

Finally, load and displacement results of embedded pile and volume pile models are
compared in Figure 2.and embedded pile results are found as nearly same with

volume pile results with Rer= 1 (without interface).
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Load | —— embedded pile

(kny 30 T |
| == yolume pile "without" interface

volume pile "with" interface
(Rinter=0.5}

000 002 004 006 008 010 012 014 016 018 020

Lateral displacement (m)

Figure 2.9. Load and displacement curves of embedded pile and volume pile niodels2011)

Sluis et al. (2014)investigates the use of embedded felature in and compare the
displacement and bending moment reswith the ones oPlaxis3D analysis for a

pile row under lateral load.

They state that piles are used to be modelled as plate or node to node anchor in Plaxis
2D before embedded pile featuof Plaxis. However, these two methods both have

disadvantages.

In plate method, plates are created by taking the pile properties for unit width in out
of plane. Nevertheless, this causes to decrease the effect of pile soil interaction by

interfering tke soil mesh and limits the out of plane spacing to lower values.

Node to node anchor method totally ignores the interaction between soil and pile since
soil covers all the model including the node to node anchor elements and mesh is
continuous that is ingeendent from the pile. In addition, node to node anchor method

can only be used for axially loaded piles since it ignores lateral interaction.

Embedded pile feature reflects the benefits of both plate and node to node anchor.
Embedded pile behaves like @am element but in a continuous mesh in the existence

of both pile and soil. So, the pile solil interaction is moddhkkis 2Dwell.
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Finally, embedded pile feature Bfaxis 2Dis validated by comparing telaxis 3D
resultsin terms of axial loadncluding both compression and tension load; lateral
loading resulting from external forces and soil movements. The results are 2D and 3D

analyses are found as compatible.

Sheil & McCabe (2012) investigate the single pile and pile group behaviour in soft
clay which are modelled by Plaxis 3D embedded pile feature. Pile group finite element
results are compared to the field test data in order to seertieniencef embedded

pile feature. The comparison presents that this feature provides compatibswebult

field test data and considered as reasonable due to time saving and less computational

effort.

In this study, bearing capacity of embedded pile that is related to the embedded pile
properties of maximum skin resistanc@adand maximum base resist@nfmax are

also explained. In embedded pile feature, bearing capacity of the pile is not a result of
finite element anakes. It must be an input parameter in the material set properties of
pile. Tmax and Fmax values are generally determined by pile Idadts. The skin

resistance is considered in three ways including:

7 Linear skin friction is defined at pile head and bottom of the pilegsaand
Thot,max

1 Multi linear skin friction is used for muHayered soil profiles with a certain
Tiop,maxandvarying Tootmax@long the pile at different locations

1 Layer dependent skin friction considers the soil strength parameters such as
friction angle (G4), cohgsion (c) and

2.3.Various Numerical Studies

In the dissertation oRyltenius (2011) piled raft foundations are modelled in four

ways by Plaxis 3D and Plaxis 2D FEM programs to compare the results of two and

16
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three dimensioned analysis. One model is established in three dimensional and three

models are established in twongnsional in soft clay to discuss pile raft interaction.

In piled raft foundations, contrary to the conventional pile foundation design, load
distribution between raft and piles is the matter. While raft contributes to the load

carrying capacity, pilesra used for total and differential settlement reduction.
According to the results of the analysis:

In two dimensional model, raft carries 51 % of the total load. Maximum settlement is

121 mm and the differential settlement is 16 mm.

In three dimensionahodel, raft carries 36 % of the total load. Maximum settlement

is 56 mm and the differential settlement is 11 mm.

A series of analysis are done for different spacing of piles and different raft dimensions
for both two and three dimensions. Two dimensioalysis results of settlement and

load carrying capacity of raft are overestimated compared to three dimedmsaatel.

I n t h ef Reul &Rardigiph (2003) foundations of three buildings in Frankfurt,
Germany, named Westend 1, Messeturm and Torhaeadsse, are investigated and
back analysis results of piled raft foundations obtained from three dimensional FEM
analyses by ABAQUS program, in a subsoil condition of overconsolidated Frankfurt
clay underlied by rocky Frankfurt limestone are presentedasMied values are

compared to results of analytical solutions and finite element analyses.

First building Westend 1 consists of a 208 m high tower and a 60 m low rise section.
Piled raft belongs to the tower part with the raft dimensions of 47 x 62653n and

40 bored piles with 1.3 m diameter, 30 m length. Measured center settlement value is
120 mm 2.5 years after the completion of construction whereas the finite element
resultis 110 mm. according to the measured records, raft carries 50 % ofltluatbta
while the finite element result is 44 %.

Second building Messeturm is a 256 m high tower. Foundation is a piled raft with the
raft dimensions of 58.8 x 58.8 x@m and 64 bored piles with 1.3 m diameter,

17



different lengths of 26.9, 30.9 and 34.9 Measured center settlement value is 144
mm whereas the finite element result is 174 mm. according to the measured records,

raft carries 57 % of the total load while the finite element result is 40 %.

Third building Torhaus der Messe is a 130 m high tofeundation is two piled rafts

10 m apart from each other with the raft dimensions of 17.5 x 24.5 x 2.5 m and 84
bored piles with 0.9 m diameter, 20 m length. Average measured center settlement
value of two rafts is 124 mm whereas the finite element riss8@ mm According to

the measured records, raft carries 33 % of the total load while the finite element result
is 24 %.

As a result, settlement calculations are compatible with the measured ones but the raft
load is underestimated compared to measurketsa

In the thesiso¥ € | ma z , tyoXé&slobp)led raft foundations with raft dimensions
24x28x2 m and 2.25 m spacing are analyzed by Plaxis 3D program. Number of piles
is 143, 120 and 99 alternately and pile length is 25 m for the first set. Nufnhleso

is 120, 99 and 80 alternately and pile length is 30 m for the second set. Effects of
number of piles and pile length on settlement values are investigated. Results of the
analyses are compared with analytical methods of Butterfield and Douglds @B

Shen and Teh (2002) (Tablep.
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Table23.Number of pil es
number | settlement
of piles (em)

Butterfield 143 10,32
and 120 10,92
Douglas' 81| 90 11,61
E ben and 143 8,91
H Shen an
" Teh' 02 120 9,73
- 99 10,73
-l
1] 143 8,86
wy
Plaxis 3D 120 9,27
Foundation 99 10,00
80 13,63
Butterfield 120 9,51
and 99 10,11
Douglas' 81 20 10,32
E
120 9,57
a Shen and 99 10.48
N Teh' 02 d
bt 80 11,51
k1] 120 7,02
wy
Plaxis 3D 99 8,39
Foundation 20 9,21
63 12,24

V'S

sett |

ement

(Yél m

It may be concluded that increasing the number of piles beyond the optimum quantity

does not decreadhe settlement value significantly. Therefore, optimum number

provides an economical design.

A parametric study is done bgarg et al. (2013)on optimization of piled raft

foundations The soil profile consists of clay with the properties defined in T2Hle

300 kPa uniform load is applied on the system. Some parameters are used as variables

which are defined as number of piles (N), aspect ratio (I/d), pile spacing (s/d) and raft

thickness (t) shown in Table4.
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Table2.4. Table of parameters (Garet al, 2013)

LOADHKNm)

Property Unit Value

Unit weight Yupea [kN/m*] 16

Saturated unit weight v [kN/m?] 19

Young modulus E¢ [kN/m?] 2.000E+04

Poisson ratio p [-] 0.35

Shear modulus G [kN/m?] 7407.407

Young modulus E.y [kN/mz] 3.210E+04

Cohesion ¢ <] 80

Friction angle @ 2] 0

Dialantancy angle y -1 0

Interface strength Riper [-] 1.0
Aspect ratio ( 1I/d) Spacing ratio (s/d) Strip Thickness (t), mm
10 3 300
15 4 400
20 6 500
25 8 600
30 10 700
35 12 800
40 14 900
45 16 1000
50 18 1100
55 20 1200

2500
N=4; I/d=20

2000

500
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