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ABSTRACT 

 

THREE-DIMENSIONAL FI NITE ELEMENT MODELLI NG IN PILED 

RAFT FOUNDATION DESI GN 

 

Song¿r, Sinem 

Master of Science, Civil Engineering 

Supervisor: Assist. Prof. Dr. Nejan Huvaj Sarēhan  

 

June 2019, 146 pages 

 

This thesis is about optimization of load sharing between piles and raft. Starting with 

comparison of two pile models named volume pile and embedded pile in a finite 

element software, verification with an existing building was made. In the next part of 

the thesis, optimization on pile configuration, pile length, soil type and soil models are 

presented. Based on the results, it can be concluded that as spacing over diameter ratio 

increases, settlement reduction ratio also increases and piled raft coefficient, which is 

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

and total pile lengths also increases the piled raft coefficient, whereas it decreases 

settlement reduction ratio. Lastly, it is implied that a value of ñ80ò for ñtotal length of 

piles / length of single pileò leads to optimum conditions for all cases analyzed in this 

study. 

 

Keywords: Piled Raft Foundations, Volume Piles, Embedded Piles, Optimization, 

Finite Element Modelling  
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¥Z 

 

KAZIKLI RADYE TEMEL TASARIMINDA ¦¢ BOYUTLU SONLU 

ELEMANLAR MODELLEMESĶ 

 

Song¿r, Sinem 

Y¿ksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Danēĸmanē: Dr. ¥ĵr. ¦yesi Nejan Huvaj Sarēhan  

 

Haziran 2019, 146 sayfa 

 

Bu ­alēĸma, kazēklar ve radye arasēndaki y¿k paylaĸēmēnēn optimizasyonu ¿zerinedir. 

Sonlu elemanlar yazēlēmēnda hacimsel kazēk ve gºm¿l¿ kazēk isimli iki kazēk 

modelinin karĸēlaĸtērēlmasē ile baĸlanarak, var olan bir bina ¿zerinde doĵrulama 

­alēĸmasē yapēlmēĸtēr. Sonraki aĸamada ise, kazēk yerleĸimi, kazēk boyu, zemin tipi ve 

zemin modellerinin optimizasyonu sunulmaktadēr. Sonu­lara dayanarak, kazēk aralēĵē 

ve ­ap oranē arttēk­a, oturma azaltma oranēnēn da arttēĵē ve kazēklara gelen y¿k¿n 

toplam y¿ke oranē olan kazēklē radye katsayēsēnēn azaldēĵē gºr¿lmektedir. Ayrēca, tek 

kazēk uzunluĵu ve toplam kazēk uzunluĵundaki artēĸ, kazēklē radye katsayēsēnē 

artērērken, oturma azaltma oranēnē d¿ĸ¿rmektedir. Son olarak, ñtoplam kazēk uzunluĵu 

/ tek kazēk uzunluĵuò oranē i­in ñ80ò deĵerinin bu ­alēĸmadaki t¿m durumlar i­in 

optimum koĸullarē saĵladēĵē sonucu ­ēkarēlmēĸtēr.  

 

Anahtar Kelimeler: Kazēklē Radye Temeller, Hacimsel Kazēklar, Gºm¿l¿ Kazēklar, 

Optimizasyon, Sonlu Eleman Modellemeleri 
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CHAPTER 1  

 

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 

contribution of the raft to the load carrying capacity. In other words, structural load is 

confronted by both the raft and the piles (Figure 1.1). In this case, piles serve for 

controlling total and differential settlement in addition to load carrying.  

For the piled raft foundation design, several interaction mechanisms are required to be 

considered, such as the pile-soil, raft-soil, pile-pile and pile-raft interactions (Figure 

1.2). 

 

Figure 1.1. Representation of total vertical load óVPRô carried by different foundation systems 

(Mandolini et al., 2013) 
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Figure 1.2. Mechanism and interactions of combined pile-raft foundation (CPRF) (ISSMGE, 2013) 

 

Conventional pile foundation design is sometimes more conservative and piled raft 

foundation design may provide a more economic design approach compared to 

conventional design. In the case of piled raft, since the piles are used more efficiently 

and load is shared between piles and raft, unnecessary number of piles may be avoided 

and a more feasible way 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 

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

foundation. 
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1.2. Problem Statement 

Finite element method (FEM) is generally used in the design of piled raft foundations. 

Analytical solutions, laboratory studies-experiments and real case 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 Reul & Randolph (2003), Prakoso & Kulhawy (2001) 

and Sºnmez (2013).  

In this study, piled raft foundation is modelled by three-dimensional finite element 

method, using Plaxis 3D software. In order to provide a guideline for designers, it is 

essential to combine variables such as soil type, 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 load-sharing and settlement characteristics of 

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 three-dimensional finite element analyses 

(2) To calculate settlements via finite element analyses and to compare 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 by both óVolume pileô and óEmbedded pileô features of 

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 
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1.4. Scope 

This study investigates the design of piled raft foundations by Plaxis 3D finite element 

software. In Chapter 2, literature review is presented. Design methodology, volume 

pile and embedded pile properties of software, some numerical 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 consisting 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. 
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CHAPTER 2  

 

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 in collaboration in the piled raft foundation design concept. In other 

words, the total structural load (VPR) 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), represents the aforementioned load sharing behavior with a 

load sharing ratio (Ŭpr) among piles and the raft and describes the load sharing ratio as 

the portion of the load carried by the piles. (Eqn 2.1) 

ɻ
В ὠ ȟ

ὠ
          %ÑÎ ςȢρ 

where ñnò represents the number of piles and ñVpileò represents the load carried by a 

single pile. 

As illustrated in Figure 1.1, Ŭpr = 0 implies a raft foundation whereas Ŭpr = 1 implies a 

pile foundation without support of the raft. For a piled raft foundation 0< Ŭpr <1 

condition is valid. 

In the study, a chart for foundation selection is presented in Figure 2.1 that defines 

some design approaches including CBD (Capacity Based Design), CSBD (Capacity 

and Settlement Based Design), SBD (Settlement Based Design), RBD (Raft Based 

Design) and DSBD (Differential Settlement Based Design).  

BR  Raft width 

RUR  Unpiled raft resistance 
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wUR, wadm Average settlement of the unpiled raft and admissible average 

settlement 

FS  Factor of safety 

 

Figure 2.1. Selection chart for design approach (Mandolini et al., 2013) 

For a convenient FS=3, ñAò point might be considered as optimum where wur/wadm 

equals to 1.  

Point 1 represents RBD in which wur and FSur are acceptable.  

For Point 2 and Point 3, both the wur and FSur are not acceptable since wur is greater 

than wadm and FSur 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, FSur is acceptable. However, wur is not acceptable since it is 

greater than wadm. In order to decrease the settlement, 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.  
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Just like the any other foundation systems, 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 considered in the design of piled raft foundations. 

Poulos (2001) reported that favourable 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 soft clays or loose sands close to the 

surface, soft compressible layers at the bottom layers and the layers prone to swelling 

or consolidation. In such cases, raft-soil contact should always exist. 

Various design approaches are available related to piled rafts. To be more precise, load 

and settlement behaviour of piled raft foundation depending on different design 

approaches can be seen at the Figure 2.2. Curve 0 represents the raft only design with 

excessive settlements. Curve 1 is the traditional design approach that the piles are 

assumed to carry the total load. Curve 2 shows the ñcreep pilingò case in which the 

piles are designed to carry the working load corresponding to 70 - 80% of the ultimate 

load with a lower factor of safety compared to Curve 1. Curve 3, which belongs to the 

case in which the piles are 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 under-designed. 

 

 

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

¶ In the first stage, necessary number of piles is determined in order to provide 

to fulfill the requirements of design load and allowable settlements. 

¶ In the second stage, pile location and general properties are determined 

according to the loading. 

¶ In the last stage, details of 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 

essential points 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 settlements. Therefore, first, the performance of 

unpiled raft should be analyzed when starting the design. Then, the main points 

including raft thickness, pile type, pile configuration, pile length and pile diameter 

must be decided. For this decision, overall vertical load capacity, overall load 

settlement behaviour and overall differential settlement must be considered. 

In overall load settlement part, Poulos (2002) proposes the following equations to 

determine the stiffness of piled raft and the load taken by raft (Poulos & Davis, 1980; 

Randolph & Clancy, 1993). 

Ὧ
Ὧ Ὧ ρ ς‌

ρ ‌
Ὧ
Ὧ

 Ὁήὲ ςȢς   

 

ὖ
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where kpr is piled raft stiffness, kp is pile group stiffness, kr is raft stiffness Ŭpr is raft ï 

pile interaction factor, Pr is the load carried by raft and Pt is the total load. Finally, in 

the result of above equations, following chart is obtained (Figure 2.3.). kpr is calculated 

from Eqn 2.2 and it is operated until Point A. Beyond Point A, kr is operated until 

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

 

Figure 2.3. Load settlement curve for preliminary design (Poulos, 2002) 

The studies of Clancy & Randolph (1996), provide a basis for Poulos (2002) and 

recommend the following parameter range in Table 2.2. 

Table 2.1. Explanations of parameters (Clancy & Randolph, 1996) 

 

Table 2.2. Recommendations for parameters (Clancy & Randolph, 1996) 
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Given chart in Figure 2.4 provides Ŭrp values for various square raft configurations 

with the values of Lp/dp = 25, Kps = 1000 and Krs =10. Moreover, detailed information 

and different Ŭrp values for other parameters are presented by the charts in the study 

of Clancy & Randolph (1993). 

 

Figure 2.4. Ŭrp values for Lp/dp = 25, Kps = 1000 and Krs =10 (Clancy & Randolph, 1996)  

 

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 

schematically in the given flowchart in Figure 2.5. 
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Figure 2.5. Design method flowchart for piled raft foundations (Prakoso & Kulhawy, 2001) 

 

Design method in Figure 2.5 is explained step by step in the following part: 

¶ Firstly, allowable average and differential settlements are determined. 

¶ Pile group to raft width ratio (Bg/Br) determination is the next step. If the focus 

is the average settlement, Bg/Br ratio is assumed as 1. However, if the focus is 

just the differential settlement or both average settlement and differential 

settlement, Bg/Br ratio is assumed as 0.4 ï 0.6. Based on this value, pile depth 

(D) is determined and settlement values are checked for allowable limits. If it 

does not fulfill the requirements, Bg/Br value is increased and the process is 

repeated until the requirements are met. 

¶ In the next step, pile diameter and pile spacing is determined according to the 

values pile to raft area ratio (Rarea), pile group capacity (Qg), and the pile 

structural capacity. 
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¶ In the final step, raft thickness (tr) is determined based on structural design. 

El-Mossallamy et al. (2006) defines the behaviour of piled raft foundation design as 

in the following figure so that Ŭs =1 means conventional raft foundation while Ŭs gets 

closer to zero, conventional pile foundation is observed. 0< Ŭs <1 is the region of piled 

raft foundation. On the other hand, ŬL =0 means conventional raft foundation while ŬL 

gets closer to 1, conventional pile foundation is observed. 0< ŬL <1 is the region of 

piled raft foundation. 

 

Figure 2.6. Ŭs and ŬL values for piled raft foundation design  

 

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 

mesh has been generated.  
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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 case 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 the tip resistance from the total load.  

Tension pile tests are conducted on the bored piles in South Surra, Kuwait where the 

soil profile consists of cemented desert sand which is detailed in the study of Ismael 

et al. (1994). Both the compression pile measurements and tension pile measurements 

are found compatible with embedded pile results as shown in Figure 2.7. 

 

 

(a) (b) 

Figure 2.7. (a) Alzey Bridge pile test and embedded pile model load results (b) South Surra pile test 

and embedded pile model load results (Engin et al., 2008) 

 

In the study of Dao (2011), Plaxis 3D embedded pile property is validated by 

comparing with Plaxis 3D volume pile property and real measurements in the design 

of laterally loaded piles.  
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Firstly, a simplified model is created with the boundaries 8 m in x direction, 8 m in y 

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 restrained while the 

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 properties with the soil. (Figure 2.8.(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 soil 

volume that represents the volume pile. (Figure 2.8.(b)) Rinter value which represents 

the roughness of the pile soil interaction is assumed as Rinter = 1 and Rinter = 0.5 for two 

different volume pile model. 

 

 
 

(a) (b) 

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

 

Finally, load and displacement results of embedded pile and volume pile models are 

compared in Figure 2.9 and embedded pile results are found as nearly same with 

volume pile results with Rinter = 1 (without interface). 
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Figure 2.9. Load and displacement curves of embedded pile and volume pile models (Dao, 2011) 

 

Sluis et al. (2014), investigates the use of embedded pile feature in and compare the 

displacement and bending moment results with the ones of Plaxis 3D 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 feature of 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 the 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 independent 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 a beam element but in a continuous mesh in the existence 

of both pile and soil. So, the pile soil interaction is modelled Plaxis 2D well. 
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Finally, embedded pile feature of Plaxis 2D is validated by comparing to Plaxis 3D 

results in terms of axial load including 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 see the convenience of embedded 

pile feature. The comparison presents that this feature provides compatible results with 

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 resistance Tmax and maximum base resistance Fmax are 

also explained. In embedded pile feature, bearing capacity of the pile is not a result of 

finite element analyses. It must be an input parameter in the material set properties of 

pile. Tmax and Fmax values are generally determined by pile load tests. The skin 

resistance is considered in three ways including: 

¶ Linear skin friction is defined at pile head and bottom of the pile as Ttop,max and 

Tbot,max 

¶ Multi linear skin friction is used for multi-layered soil profiles with a certain 

Ttop,max and varying Tbot,max along the pile at different locations. 

¶ Layer dependent skin friction considers the soil strength parameters such as 

friction angle (ű), cohesion (c) and pile interface factor Rinter. 

 

2.3. Various Numerical Studies 

In the dissertation of Ryltenius (2011), piled raft foundations are modelled in four 

ways by Plaxis 3D and Plaxis 2D FEM programs to compare the results of two and 
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three dimensioned analysis. One model is established in three dimensional and three 

models are established in two dimensional 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, piles are 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 dimensional model, 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 dimension analysis results of settlement and 

load carrying capacity of raft are overestimated compared to three dimensional model. 

In the stēudy of Reul & Randolph (2003), foundations of three buildings in Frankfurt, 

Germany, named Westend 1, Messeturm and Torhaus der Messe, 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 presented. Measured 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 62 x 3-4.65 m 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 

result is 110 mm. according to the measured records, raft carries 50 % of the total load 

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 3-6 m and 64 bored piles with 1.3 m diameter, 
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different lengths of 26.9, 30.9 and 34.9 m. 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 tower. Foundation 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 result is 96 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 measured values. 

In the thesis of Yēlmaz (2010), two sets of piled 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. Number of piles 

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 Douglas (1981) and 

Shen and Teh (2002) (Table 2.3). 
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Table 2.3. Number of piles vs settlement (Yēlmaz, 2010) 

 

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

does not decrease the settlement value significantly. Therefore, optimum number 

provides an economical design. 

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

foundations. The soil profile consists of clay with the properties defined in Table 2.4. 

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 (l/d), pile spacing (s/d) and raft 

thickness (t) shown in Table 2.4. 
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Table 2.4. Table of parameters (Garg et al., 2013) 

 

 

 
 

 

(a) (b) 

  

(c) (d) 






























































































































































































































































