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Abstract 

Urban growth has led to large buildings on soft soil due to limited firm building site and rocky 

ground formations, causing excessive and differential settlement issues in cities with less stable 

base. Strict safety rules require minimal uneven settlement in high-rise buildings. Piled raft 

foundations have become a popular solution, using piles to reduce settlement and share the 

building's weight. In this study the analysis of load-settlement behavior of piled raft foundation 

using numerical methods was carried out. The performance of a rectangular piled raft system is 

evaluated in layered soil subjected to uniform vertical loading. The analysis is conducted using 

the powerful finite element-based program Plaxis 3D to examine the effects of various 

parameters. A parametric study is also conducted to investigate the response of piled-raft 

foundations, including the influence of raft thickness, pile length, and pile spacing, while keeping 

the pile diameter and the number of piles constant. The results from the analysis indicated that 

by applying a piled raft to an un-piled raft foundation with a raft thickness of 2 m, the maximum 

settlement was reduced from 102.7 mm to 77.57mm, and the differential settlement also 

decreased from 11.9 mm to 2.09 mm. This represents a decrease of 24.47% and 82.44%, 

respectively, for a case with 2D pile spacing and an 18 m pile length. By increasing the pile 

spacing from 2D to 3D, the maximum settlement was reduced by 17.18% for an 18 m pile length 

and a 3 m raft thickness. Furthermore, a total settlement reduction of 24.18% was achieved by 

increasing the pile length from 10.8 m to 18 m, under the conditions of 3D pile spacing and a 3 

m raft thickness. Hence, the findings from this research can serve as a framework for developing 

large combined piled-raft foundations to support heavy building structures and provide a 

methodological approach for future projects involving complex soil-structure interactions. 

 

Keywords: Piled-Raft, Settlements, Plaxis 3D, High-rise building and Soil-structure interaction 
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CHAPTER ONE 

Introduction 

1.1.Background 

Due to the growth of the economy and a shortage of land resources, many high-rise buildings 

have been constructed in major cities.  However, many of these structures are being constructed 

on soft soil sites, which can lead to ground settling, especially in urban areas where there are few 

rock sites available. In foundation design, the two basic requirements are to limit the total 

settlement of the structure to a small value and to exclude differential settlement.  However, it 

should be noted that heavy structures can become excessively displaced if they are constructed in 

soft soils.  It is crucial to select suitable foundation types for any building or structure in order 

for it to last for a long time, and the building may experience serious structural problems if the 

foundation is not properly constructed.  

Selecting appropriate types of foundation is crucial for the longevity of any building or structures 

and the building may experience serious structural problems if the foundation is not properly 

constructed.  Shallow foundations, such as strip footings and raft foundations, are appropriate 

for stable soil conditions where the load can be spread over a relatively shallow area.  However, 

when the soil is weak the bearing capacity might not be enough to support a heavy structure 

causing significant settlement.  Essentially, a piled foundation is a deep foundation made up of 

long, slender columns (piles) driven or drilled into the ground. By transferring the load to this 

deeper, stronger layer, the piles prevent excessive settlement and possible structural damage.  A 

shallow raft foundation may not be sufficient when heavy structures are built on weak soils 

because excessive settlement is possible. Piled foundations are used in such cases to transfer the 

loads to deeper soil.  

The use of only piles or rafts foundation is efficient due to the load sharing between piles, rafts 

and the soil. Pandey G. et al. (2024) stated that relying solely on piles or rafts raises the risk of 

either very high costs or significant differential settlement. As a result, "Piled Raft 

Foundations" were developed, combining two distinct systems (Clancy P. et al, 1993).   Piled 

rafts are foundations made up of three load-bearing elements: piles, rafts, and soil. Because the 

raft is stiff, it distributes the structure's total load as contact pressure over the piles in the ground. 

By using piled rafts, total as well as differential settlements have been reduced. A raft foundation 

https://www.google.com/search?sca_esv=b1a258fc65f3ee31&cs=0&sxsrf=AE3TifODlE7CtkY1BlJCFFdkftubC59bZA%3A1754122227596&q=strip+footings&sa=X&ved=2ahUKEwjQ5PPB1uuOAxUsXUEAHQDOGnYQxccNegQIDhAB&mstk=AUtExfA9FCd3nDbQPQHzgKPBGl-ZOZbx-b3nCgwvjM9XzecjF8XAZLFIgEEUaExwPfeK93QTs5EPfYS5eLRdmvi7PTyJJEnRuQNMauBgueORU8yO5BxByZKLwfoJDT3EIFvL6vGkv7B09wCmZNXqRe9QvBfIPHsnB0a6vqY6IDpkY6buYQRPQOK5v5qHnV_RIzeP0gmuGLGWzxugvVvQ2KXCXRfL1roAAEThCziDTCK83nPvvWvNNj8kizIviubN7ycnWeiQIQ-EB12OUJswGi0fd5Q6&csui=3
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often induces excessive settlements that are unacceptable due to serviceability concerns. By 

placing piles under the raft in a systematic manner, such settlements can be reduced to acceptable 

levels. Besides settlement reduction, the bearing capacity of the whole system of foundations 

also increases. 

In combined piled raft foundation, load distribution is governed by complex interactions between 

structural elements (i.e., pile-piles, pile-rafts, and raft-piles) and their geometries.  For the first 

time, piles were introduced below the raft to reduce its settlement (Burland et al., 1977). 

Researchers later performed some prominent investigations on piled raft foundation using 

analytical methods, 3D finite element analysis, and small scale model tests to idealize the 

behaviour of this foundation (Clancy and Randolph, 1993; El Sawwaf, 2010; Fattah et al., 2013; 

Ghalesari and Rasouli, 2014; Kumar and Choudhury, 2018; Mali and Singh, 2018; Park and Lee, 

2015; Poulos and Davids, 2005; Sawada and Takemura, 2014; Sinha and Hanna, 2017). A 3D 

finite element (FE) analysis has been widely used to analyze piled raft foundation responses in 

clayey soils. Using 3D FE modelling, Reul and Randolph (2003) investigated three case histories 

related to a piled raft foundation resting on clayey soil. According to de Sanctis and Mandolini 

(2006), the load bearing capacity of piled raft foundation was also examined using a 3D finite 

element method.  A Piled raft foundation resting on soft/stiff clay was also analyzed by several 

other researchers using 3D finite element to understand the load bearing and load sharing 

responses and different settlement criteria (Singh and Singh, 2020; Sinha and Hanna, 2017; Cho 

et al., 2012; Deb and Pal, 2019; Mali and Singh, 2018).  

In this study the numerical analysis of piled raft foundation rested in layered soft/stiff clayey soil 

using plaxis 3D were presented for identifying the responses of piled raft foundation under a 

heavy structures. This research analysed the influence of pile length of pile, pile spacing and raft 

thickness on settlement reduction and axial load resisting capabilities. The investigation 

examines into the potential of this method to enhance load-bearing capacity and reduce 

settlement by examining the impact of modifying these diverse parameters within a specified 

existing soil condition for the incorporation of piled raft foundation. This task is executed 

through the utilization of PLAXIS 3D, a three-dimensional finite element software. Within the 

research location, there is a widespread distribution of soft to stiff clay deposits extending to 

significant depths, characterized by weak strength and high compressibility. Thus, application of 

piled raft foundation type for minimizing excessive settlement and eliminating differential 
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settlement emerges as exceedingly crucial. The load-bearing capacity of a piled raft foundation is 

recognised to the frictional characteristics of the pile length, the cohesion and frictional attributes 

of the surrounding soils, as well as the thickness and flexibility or rigidity features of the raft part 

transmitting stresses to the corresponding pile.  

Therefore, this research tries to investigate the effect of numerical modelling analysis of piled 

raft foundation on settlement reduction characteristics. Then following identification of index as 

well as engineering properties of both materials with the help of collected secondary data’s from 

consulting offices, analysis of settlement reduction of the given soil due to utilization of piled 

raft foundation on layered soil, using numerical methods, was studied in detail and finally, the 

conclusions of the research and future prospects are forwarded.  

1.2.Statement of The problem 

The global rise in urbanization and population growth has created a significant demand for 

housing, leading to the construction of high-rise buildings in numerous areas. This trend is also 

evident across Africa, where cities work to support their growing populations. In Ethiopia, the 

heightened demand for housing has led to the development of many high-rise structures. A prime 

example of this is the ECX 3B+G+35 building, which illustrates the country’s commitment to 

addressing the increasing demand for urban infrastructure. The recent structures that will be built 

in big cities like Addis Ababa will be high-rise buildings in whatever soil is available, whether 

soft soils or hard strata. In Addis Ababa, most high rise buildings have raft or pile foundations, 

which are expensive (Teji, Biya et al., 2023). Despite having adequate bearing capacity, the raft 

foundation is subject to excessive settlement. The conventional design methods for pile groups 

result in a greater number of piles under the raft. It is possible to reduce this number with the 

concept of piled rafts. Whenever an appropriate foundation design can be applied to soil 

conditions, piled rafts have proved to be an efficient solution. Using this method of calculation is 

very conservative; the basic principle is that the foundation structure should contain as many 

piles as would be required to reduce the settlement to an acceptable level. Furthermore, the 

design engineers of piled raft foundations continue to use commercial structural software such as 

ETABS and SAP2000, which cannot model the interactions and come up with inaccurate 

estimates of foundation settlements, raft bending moments, and pile loads due to the lack of 

ability to model these interactions. When a structure needs to be supported on weak or 
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compressible soil, or when significant loads cannot be handled by a raft foundation alone, piled 

raft foundations are ideal. These foundations combine the best features of both raft and pile 

foundations, making them cost-effective and robust even if the cost analysis neither is nor carried 

out under this study.   

Therefore, the introduction of piled raft foundation into feeble soil as a heavy structural load 

support goes beyond a mere substitution process, as it can lead to alterations in material 

characteristics. In the current investigation, a numerical evaluation of the load-settlement 

behaviour of piled raft foundation in layered soil in Addis Ababa city was conducted using a 

Plaxis 3D Model. The study applied finite element analysis by subjecting static loads to examine 

the impact of settlement reduction under various conditions, with subsequent discussion of the 

findings. A three-dimensional representation of a heavy super structural load support was 

developed, and the outcomes of the finite element analysis concerning settlement analysis for 

each case were deliberated.   

1.3.Research Questions 

1. Is it possible to investigate the effect of using different raft thicknesses in piled raft 

foundations for settlement reduction? 

2. To what extent is the utilization of piled raft foundations capable of improving the 

settlement properties of the given soil under heavy structural loads? 

3. Is there an optimum pile length and pile spacing for piled raft foundations in layered 

soil?  

4. How do variations in pile length, spacing, and raft thickness impact settlement 

characteristics in piled raft foundations on layered clayey soil compared using numerical 

model parameters? 

1.4.Objectives 

1.4.1.General Objectives 

The primary objective of this research is to analyze the effectiveness of a piled raft foundation in 

reducing settlement in layered clayey soil by utilizing the PLAXIS 3D finite element modeling 

software. The study aims to quantify how this foundation design can enhance the load-bearing 

capacity and minimize differential settlement in such soil conditions. 
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1.4.2. Specific Objectives 

1. Investigate the effect of varying raft thicknesses in un-piled and piled raft foundations on 

settlement reduction. 

2. To evaluate the extent to which piled raft foundations improve the settlement properties 

of the soil under heavy structural loads. 

3. To determine the optimum pile length and spacing for piled raft foundations in layered 

soil. 

4. Analyze the impact of variations in pile length, spacing, and raft thickness on settlement 

characteristics in piled raft foundations, using numerical model parameters for 

comparison. 

1.5. Significance of the study 

A piled raft foundation allows carrying super structural loads with restrained settlement. Piled 

raft foundations are significant because they combine the benefits of both raft and pile 

foundations, offering a cost-effective and efficient solution for supporting structures, especially 

in challenging soil conditions. They reduce overall settlement, minimize differential settlement, 

and thereby bearing capacity become significantly improved. This makes them particularly 

useful for high-rise buildings and structures built on soft or unstable soil. By acknowledging this 

contribution, the overall length of the piles may be considerably reduced. In addition to this 

primary importance, the study also explores critical parameters of the foundation, such as pile 

diameter, number of piles, spacing, and raft thickness, which all influence the performance of 

piled raft foundations. Through numerical model tests, this study offers valuable insight into the 

settlement behavior of rafts on settlement-reducing piles. Upon completion of this thesis, 

companies constructing high rise building especially on weak or layered clayey soil should be 

benefited from reduced foundation cost. And also they get insight about design and construction 

of piled raft foundation. This study enhances the design of piled raft foundations by exploring 

critical parameters, demonstrating cost-efficiency, and providing insights into settlement 

behavior for high-rise buildings on weak soils. 
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1.6. Scope and limitation of the study 

1.6.1. Scope of the study 

Basically the study focuses application of piled raft foundation in layered clayey soil for 

settlement reduction analyzed using Plaxis 3D numerical model. Hence, in order to achieve the 

objectives of the research purely numerical analysis method was followed.  A uniformly 

distributed vertical load that acted on the foundation system was the only consideration in the 

parametric study of pile raft foundation as a displacement control on layered soil found in Addis 

Ababa. For this study, no further fieldwork or lab testing was conducted; instead, all relevant 

information was gathered from the design office and different literature. The study focused 

solely on static load analysis. In this study the effect of dynamic load such as vibration and 

seismic loads were did not considered.  Finally by using the optimum amount in terms of 

number, length, L/D ratio of pile   and varying raft thickness inside the soil volume; analysis of 

settlement reduction properties using plaxis 3D numerical model were carried out both before 

and following the inclusion of pile. Finally, the results and findings of the research will be 

analyzed, organized and presented.  

1.6.2. Limitation of the study 

 In this study, the effect of using a piled raft foundation for settlement reduction was 

examined using a numerical model such as PLAXIS 3D. However, if a fully functional 

model testing laboratory were available, conducting laboratory tests would provide 

valuable comparative data. 

 Due to limited data and time constraint, this study did not consider the effects of dynamic 

load, lateral load, and eccentricity. Future research should incorporate the effects of 

dynamic load, lateral load, and eccentricity to provide a more comprehensive 

understanding of piled raft foundations.  

 In this study, small raft sizes with a constant number of piles and pile diameter were 

modeled. Future studies should use larger raft foundations and vary pile diameter and 

number to better investigate their effects. 
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1.7. Thesis organization and outline 

This thesis comprises five chapters. The first chapter serves as the introduction, outlining the 

study's background, problem statement, objectives, and the scope and limitations of the research. 

The second chapter presents a literature review, focusing on the theoretical framework and the 

application of piled raft foundations for managing heavy structural loads and reducing 

settlement, particularly in clayey soils. It covers the concept of piled raft foundations as a 

mechanism for improving soil settlement, the design philosophy and considerations for piled raft 

techniques, methods of analysis, the settlement reduction capabilities of these foundations, 

parametric studies, finite element modeling, soil distribution in the study area, and identifies 

existing research gaps. The third chapter details the methodology, including the input parameters 

for subsoil, raft, and pile materials, as well as the suggested constitutive behaviors governing 

these elements. A brief overview of the numerical model employed in the study is also provided. 

The fourth chapter focuses on presenting, analyzing, and interpreting the results, discussing the 

behavior of piled raft foundations constructed on layered soils through full-scale three-

dimensional finite element analyses using Plaxis 3D. Finally, the fifth chapter concludes the 

study with findings and recommendations based on the numerical analysis, followed by a list of 

references. 
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CHAPTER TWO 

Literature review 

2.1. Introduction 

A proper foundation is essential for structures to stay stable, safe, and long-lasting. The 

foundation provides stability, distributes the weight of the building, and protects it from the 

effects of the environment. A well-designed foundation ensures a building's structural integrity 

and prevents costly repairs.  It is important to consider several factors when choosing a 

foundation type for a building, such as soil conditions, building load, and site-specific factors. 

Foundation depth is influenced by soil bearing capacity, water table level, and nearby 

structures. Moreover, the type, height, and seismic activity of the structure also influence the 

decision-making process. When designing foundations, a geotechnical engineer considers 

shallow foundations to support simple structures. In cases where the structure's weight increases 

and the soil bearing capacity compromises the structure's stability, other foundation types must 

be considered (Da Fonseca et al., 2012). Rajapakse, R. (2015) stated that raft and pile 

foundations are used to handle heavy loads and uneven soil conditions in construction. Raft 

foundations are a good choice for evenly distributing building loads when soil pressure is low or 

building loads are high, making them more cost-effective than spread footings in these 

cases. However, he explained that they may not be enough to prevent settlement. For situations 

with weak bearing layers and uneven loads, deep pile foundations are more suitable, as they 

transfer loads to deeper, more stable soil layers.  

In conditions with low bearing capacity and substantial settlements, piles are an effective 

solution. Pile caps are commonly used to connect the pile heads when designing piles for 

foundation support. The pile cap is designed solely for structural capacity. However, the pile cap 

also impacts the foundation system beyond just connecting pile heads and load transfer.  Various 

studies have confirmed the important contribution of soil support under the pile cap, even in soils 

with low support capacity, as observed by several authors (V.R.P. Koteswara et al., 2020, 

A.O. Alshenawy et al., 2016). According to Garcia, J. R. et al. (2024), the role of the pile cap 

becomes especially important if the cap is in direct contact with the foundation soil.  

Katzenbach et al. (2005) emphasized that the challenges associated with either raft or pile 

foundations can be avoided by using a combined pile-raft foundation (CPRF) system, which 
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merges both types of foundations for more cost-effective and efficient results. A piled raft 

foundation was first designed by Zeevaert (1957) for Mexico City's Latino Americana tower in 

1957.  According to Parmar (2025), pile raft foundations combine the advantages of pile 

foundations with raft foundations, and are increasingly used for structures requiring high load 

capacity and settlement control, especially in challenging soil conditions. Their advantages over 

traditional pilings and raft foundations include load distribution, settlement reduction, and cost-

effectiveness in high-rise buildings, bridges, and offshore structures.  

2.2. The concept of piled raft foundation  

The use of piled rafts is increasing to support different types of heavy infrastructure facilities. 

Essentially, piled raft foundation relies on both piles and raft for load transfer. The effectiveness 

of a piled raft foundation depends on a robust system design based on soil conditions. D.K. 

Malviya et al. (2023) found that a piled raft system performs most efficiently when the capacities 

of its component elements are fully utilized. Moreover, they stated that in a piled raft system, the 

raft mainly acts as a bearing element, mobilizing its capacity through interaction with the soil 

underneath. This bearing interaction is most effectively mobilized when the soil at shallow 

depths has sufficient stiffness. When the surface soil profile is relatively stiff clay or dense sand, 

a piled raft foundation provides adequate load capacity (D.K. Malviya et al, 2023). 

As a result of combining piles and rafts, this innovative approach enhances load-bearing capacity 

and reduces settlement over either element alone. This foundation solution, particularly when 

soil conditions are tough, distributes load between piles and rafts, resulting in a more cost-

effective and efficient solution.  As stated by Burland et al (1977), pile rafts provide an effective 

method of minimizing settlements and differential settlements, improving the bearing capacity of 

shallow foundations, and reducing bending moments on rafts in an efficient manner. Piled rafts 

are characterized by complex soil-structure interactions between structure, piles, rafts, and 

subsoil. In traditional foundation designs, either the raft or piles carried the entire load. Instead, 

piled raft foundations carry the entire load, at either end of the foundation. This approach 

involves integrating the piles and rafts together, considering their combined interaction as a 

means of ensuring the structure's stability and managing settlements. In this way, piles can be 

used more efficiently, potentially exceeding their individual design capacities.   
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Nguyen D. et al. (2013) highlighted the importance of the stiffness of both the raft and piles, and 

their relative stiffness, when describing piled raft foundations. Load bearing capacity and 

settlement characteristics of the foundation are significantly influenced by pile-raft interaction 

between the raft and piles.   A study by Kacprzak, G. M. et al. (2024) found that there were four 

types of interactions between piles and rafts: pile - pile, pile - raft, pile - soil, and raft - 

soil. Figure 2.1 also clearly shows the interaction that developed in piled raft foundations.  

 

Figure 2.1: Interactions between pile, raft and soil in a piled raft foundation (Kacprzak, G. M. et 

al., 2024) 

A pile-soil interaction occurs when the soil surrounding a pile under load affects its capacity and 

how the load is distributed among piles or the raft. A pile-pile interaction occurs when loads are 
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transferred from one pile to another, affecting the capacity and transfer of loads. The raft-soil 

interaction is the interaction between the soil and the raft of a piled raft foundation, affecting the 

magnitude and distribution of loads transferred to the piles as well as the settlement behavior of 

the foundation. As the piles and the raft interact within a piled raft foundation, it affects the load 

distribution inside the foundation, the pile's capacity, and the settlement behavior of the 

foundation. 

2.2.1. Function of piles in piled raft foundation 

Pile foundations can lead to significant cost savings without compromising foundation 

performance or safety. According to Fleming K. et al. (2008), the stress applied to the subsoil 

medium from the raft increases the confining pressure for the piles under the raft, ultimately 

improving the load bearing capabilities. Additionally, these piles maintain good stiffness of the 

foundation, reducing settlement and increasing the capacity of piled raft systems (Fleming K. et 

al., 2008).  As a result, piled rafts require fewer piles than pile groups to satisfy the same 

capacity and settlement demands. The figure below shows a typical configuration of different 

foundation systems subjected to superstructure, wind, and earthquake loads. According to Figure 

2.2, in raft foundations (Figure 2.2.a), the load coming from the superstructure is transferred to 

the subsoil through contact pressure held between the raft and soil. 

 

Figure 2.2: Typical configuration of a) unpiled raft; b) pile group; c) piled raft (D.K. Malviya et 

al, 2023) 
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A typical pile group (Figure 2.2.b) does not allow the raft to come in contact with soil, and the 

load bearing behavior of the raft part is not considered in the design process.  According to 

Tomlinson et al. (2007), in a standard pile group, the entire load is transferred to the soil via 

frictional resistance and the end bearing properties of the piles. In contrast, in a piled raft system 

(see Figure 2.2.c), the total load is shared between the raft's bearing resistance and the skin 

friction and end bearing of the piles, creating complex interactions between the soil, piles, and 

raft. In traditional designs for piled rafts, the pile group typically bears most of the load, while 

the raft is designed to contribute to load distribution. In this approach, the additional piles serve 

as bearing members that enhance the raft's bearing capacity. Piles are strategically positioned 

under areas of heavy load and across the central part of the uniformly loaded raft to minimize 

localized deformations and reduce differential settlement across the system. Thus, piles not only 

function as settlement reducers but also enhance the overall load-bearing capacity of the 

foundation. Table 2.1: shows the summarized different function of pile in piled raft foundation 

system. 

Table 2.1: Function of pile in piled raft foundation (D.K. Malviya et al, 2023) 

Property Pile function in piled raft sytem 

Bearing Capacity 
Piles under the raft enhance the load-bearing performance of the 

foundation system 

Maximum contact pressure 
Piles can be effectively utilized if the maximum contact pressure 

beneath the raft surpasses the permissible design limit for the soil 

Application 
Piles in a piled raft are suitable when the local settlement 

beneath the superstructure exceeds the acceptable limit. 

Efficiency 

Piles in a piled raft are effectively utilized when the maximum 

moment in the raft, resulting from the column loads of the 

superstructure, surpasses the permissible limit for the raft. 

2.3. Mechanism of piled raft foundation 

A piled raft foundation is a practical and cost-effective solution for heavy and tall structures, 

which usually experience a combination of vertical, lateral, and moment loads due to the vertical 

self-weight of the foundation system, superstructure, soil fill, and surface surcharge (Chanda D. 

et al., 2017). A study by Katzenbach, et al. (2000), found that the response of the piled raft, as a 
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result of its interaction with soil, piles, and rafts, is complex and multifaceted. They also pointed 

out that the load-carrying and settlement responses to piled rafts are different from the individual 

responses to piles and rafts, since piled rafts respond differently to load and settlement.  

Additionally, they suggested that the total resistance of the foundation (Rtot) must not be less 

than the total load of the superstructure (Stot). As a result, the foundation's resistance can be 

calculated by adding the resistance of all piles together with the resistance of the raft (Rraft). It is 

expressed as follows (Katzenbach, et al., 2000):  

            ∑         
 
          ……………………………………………………..2.1 

Where: ∑        
 
    is the sum of all pile resistance 

According to Garcia (2018), in a piled raft foundation system, the load distribution across piles 

and rafts is represented by using a coefficient αpr and it is expressed as follows (eqn 2.2): 

    
∑        
 
   

   
 ……………………………………………………………………………....2.2 

Qpr and Qpile,i,  represent the total load applied to the piled raft and the total load absorbed by 

ith pile, respectively, while αpr represents the part of the total load carried by piles. Raft 

foundations with αpr = 0 and pile foundations with αpr = 1. The piled raft lies in the range 

0 < αpr < 1. In a piled raft foundation system, conventional rafts and piled foundations can be 

considered the limiting cases. 

2.4. Load settlement response of un-piled and piled raft foundation 

Based on considering different types of design philosophies the load settlement response of both 

unpiled and piled raft foundation investigated as per Poulos H.G. (2000) is as shown in figure 

2.3.  According to the figure, Curve CUPR shows the response of the unpiled raft. At the design 

load, the raft settles excessively as shown by the CUPR curve from figure below. Curve C1,PR  

represents the conventionally designed piled raft, in which the piles act primarily as bearing 

members and a significant portion of the design load is carried by the piles. A creep piling is 

represented by curve C2,PR in which piles operate at 70–80% of their ultimate load 

capacity. Compared to the conventional design of piled rafts, the raft contributes more to load 

sharing in this design philosophy. Based on design loads, curve C3,PR  shows the nonlinear 

response of a piled raft using piles as settlement reducers.  Additionally, the complete utilization 
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of the load capacities of both the piles and the raft makes this design more cost-effective 

compared to the design methods presented in C1, PR, and C2, PR. 

 

Figure 2.3: Load settlement curve both for un-piled and piled raft foundation (Poulos H.G., 

2000) 

2.5. Settlement estimation of piled raft foundation 

According to D.K. et al. (2023) piled raft foundations are designed to reduce settlement, 

especially in situations where a raft alone might experience excessive settlement. While piles are 

primarily used to reduce settlement, they can also carry some of the load. Determination of both 

total and differential settlement of piled raft foundation for long term performance of the 

provided superstructure is significantly important.  Piled raft foundation settlement behavior 

depends on various factors, including the loading condition, pile spacing, raft and pile geometry, 

relative stiffness between raft and soil, and pile arrangement schemes.  
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Elwakil A. Z. (2016) examined how various parameters—such as loading conditions, pile 

spacing, raft and pile geometry, the relative stiffness between the raft and subsoil, and pile 

arrangement—affect the settlement behavior of piled rafts through both numerical and 

experimental investigations. Their findings suggest that increasing the number of piles leads to a 

reduction in the settlement of the pile-raft system. Yang J. (2019) further indicated that 

uniformly distributed piles beneath the raft significantly help minimize differential settlement in 

piled rafts. Sinha A. et al. (2017) noted that the impact of confinement within the pile group 

diminishes at approximately 6D pile spacing in cohesive soils and between 6–12D spacing in 

cohesionless soils. They also found that closely spaced piles under column loads effectively 

decrease both total and differential settlements in piled raft foundations. Chow YK (1987) found 

that the average settlement of piled rafts decreases as pile length and spacing increase while 

keeping the number of piles constant. Additionally, differential settlements in piled rafts are 

reduced with an increase in soil stiffness. Increasing the raft thickness and raft–soil stiffness ratio 

results in decreasing differential settlement but is found to increase the average settlement of the 

pile–raft system (El-Garhy B.2013, Patil J.D.2016).  

2.6. Methods of settlement estimation for piled raft foundation 

The settlement assessment of piled rafts is complicated due to the interaction among foundation 

elements and the variability of their stiffness. Total and differential settlements of pile-rafts are 

calculated and compared to the allowable limits during the design process. Various approximate 

methods exist for estimating the settlement of pile raft foundations. This section reviews 

different approximate techniques for estimating piled raft settlement. Several approaches can be 

employed to estimate the settlement of piled raft foundation systems, including analytical, 

numerical, and empirical methods. These methods consider the intricate interactions among the 

raft, piles, and soil, encompassing both the pile-soil interactions and the raft-soil interactions. It 

has been suggested that the piles and raft can be viewed as springs that interact, or that it can be 

viewed as an equivalent pier (Phung L., 2016).   

2.6.1. Equivalent raft method 

As a result of the equivalent raft method, pile raft foundation settlement analysis is simplified 

by replacing the pile group and surrounding soil with an equivalent raft. By doing this, 
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settlement calculations can be done using standard raft foundation methods, but with parameters 

adjusted for pile-soil interaction.   

According to N. T. Dung et al. (2010), the equivalent raft method is primarily used to estimate 

the settlement of pile groups in homogeneous and layered soils. It was also discovered that this 

method can be used to estimate the initial settlement of rigid piled raft foundation systems. As 

illustrated in Figure 2.4, the equivalent raft method involves substituting the pile group 

supporting the raft with an equivalent raft positioned at two-thirds of the embedded length for 

friction piles and at the pile base for end-bearing piles. 

 

a) Friction pile group                                                 b) End bearing pile group 

Figure 2.4: Load sharing and settlement behaviour of piled raft foundation using equivalent raft 

approach (Randolph M.F., 1994) 

According to Randolph MF (1994), this method is limited in its ability to calculate differential 

settlement in the foundation system because it uses average settlement estimation for the piled 

raft foundation system. Additionally, they found that the average settlement at ground level 

(wav) is the sum of raft settlement (wraft) and pile elastic compression above the equivalent raft 

level (Δw). And determination of average settlement as per equivalent raft method is given as 

equation below (Randolph M.F., 1994): 

            …………………………………………………………………………...2.3 

Under this method, a rigid raft is uniformly loaded with piles of uniform distribution and 

geometric properties. N.T. Dung et al. (2010) investigated that this method has the advantage of 

taking into account soil stiffness variations below the raft level. It is especially relevant when 

there is a layer of softer soil beneath the pile base. A piled raft with end bearing piles mobilizes 

the load of the foundation system through end bearings with little contribution from raft or pile 
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friction in load sharing; therefore, piled rafts with end bearing piles are rare on a real 

construction site. Furthermore, the method provides total settlement rather than differential 

settlement for piled raft systems. Also, this method does not consider the flexibility of the raft in 

settlement estimation and is only applicable for rigid piled raft systems (N. T. Dung et al, 2010). 

However, Poulos H. G. (2000) identified that using the equivalent raft approach methods to 

determine settlement tends to significantly overestimate settlement when dealing with a 

relatively small number of piles. He also noted that the method does not account for changes in 

soil stress around the piles resulting from raft-soil interaction, which is a limitation. Nonetheless, 

the method provides a reasonable estimate of the initial settlement of the pile-raft system when 

the piles are frictional and possess uniform geometry, stiffness, and spacing across the raft. 

Additionally, this method is more suitable when settlement reducer or creep piling design 

philosophies are followed for piled raft foundations (Poulos HG (2000). 

2.6.2. Poulos-Davis-Randolph (PDR) method 

This method includes estimating the load sharing between the raft and the piles and hyperbolic 

load-deflection relationships for the pile and the raft (Poulos H.G., et al, 1980, Randolph M.F., 

1994). According to Poulos H.G., et al (1980), hyperbolic load settlement provides a more 

realistic overall response to load settlement. 

A typical load settlement response of piled raft system proposed by is as shown in Figure 2.5. 

Figure 2.5, confirms that up to point A the pile capacity has become fully mobilized and the load 

applied (PA) to the piled raft system is shared by the pile and raft. The settlement (SA) at this 

point is determined as follows (Randolph M.F., 1994): 

   
  

   
………………………………………………………………………………………..2.4 

Where: Kpr is the stiffness of piled raft systems. 
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Figure 2.5: Load settlement curve for piled raft (Poulos H. G., 2000) 

Nguyen et al. (2013) used the load settlement response of a single pile and an unpiled raft to 

determine the stiffness of the pile and raft, respectively. They combined these stiffnesses with 

pile–soil–pile and pile–soil–raft interaction factors to calculate the pile–raft stiffness factor. After 

point A, the load increment (P–PA) on the piled raft is carried solely by the raft, with the pile 

acting as a settlement reducer. The settlement (S) of the piled raft after point A is estimated based 

on equation 2.5 as given below (Nguyen et al., 2013):  

  
  

   
 
    

  
………………………………………………………………………………..2.5 

According to Nguyen et al. (2013) the design load for piled raft (PA) at the ultimate capacity of 

the pile (PPU) and pile–raft stiffness (Kpr) can be determined using the following equation:  

   
   

  
  and          ………………………………………………………………….2.6 
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X represents the proportion of pile stiffness contributing to total piled raft stiffness, and Ɓp 

depicts the proportion of load carried by piles in a piled raft system. As described by Randloph 

(1993), the approximate expression can be used to estimate factors as follows: 

  
     (    ⁄ )

      (    ⁄ )
……………………………………………………………………………..2.7 

   
 

(   )
 …………………………………………………………………………………….2.8 

  
   

     (
  
  
)
(    ⁄ )……………………………………………………………………...2.9 

If the piled raft system exhibits hyperbolic behavior, the secant stiffness of the piles (Kp) and the 

raft (Kr) is expressed as follows (Randloph, 1993): 

      (         ⁄ )………………………………………………………………..2.10 

      (          ⁄ )………………………………………………………………2.11 

where Kpi is the initial tangent stiffness of the pile group; Rfp is the hyperbolic factor for the pile 

group; Pp is load carried by piles; Ppu is ultimate capacity of piles; Kri is initial tangent stiffness 

of raft; Rfr is the hyperbolic factor of the raft; Pr is load carried by raft; and Pru is ultimate 

capacity of the raft. This approach is limited to considering uniformly loaded, perfectly flexible, 

and perfectly rigid rafts. It can be used to estimate the average load settlement relationship for 

piled rafts, but not differential settlements. The creep piling design philosophy of piled raft 

analysis is applied to this method, which utilizes the total capacity of the piles (D.K. Malviya et 

al., 2023). 

2.6.3. Equivalent pier method 

The equivalent pier method simplifies pile group analysis by representing them as a single, 

equivalent pier. By treating the pier as a single unit with equivalent stiffness and load 

displacement characteristics, this approach simplifies calculation of pile group behavior, 

particularly settlement (Rotta et al., 2017). Horikoshi K. et al. (1999) described the equivalent 

pier method as an easy method for determining pile stiffness, which is useful for estimating 

settlement of rigid piled raft foundation systems.  As shown in the Figure 2.6, this method 

replaces each pile with a pier of equivalent diameter (deq), of equal length (Horikoshi K. et al., 

1999).  
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Figure 2.6: Load sharing and settlement behaviour of piled raft foundation using equivalent pier 

approach 

Moreover, the equivalent diameter of the pier for friction piles (d) and end bearing (de, eb) 

determined as per Rotta et al (2017) is as shown below: 

           
   ……………………………………………………………………………..2.12 

            
   ………………………………………………………………………….....2.13 

According to Rotta et al. (2017) the plan area of the pile group (AG) is the summation of the total 

cross-sectional area of piles (AP) and the plan area of soil (Asoil) surrounding the piles and the 

relation among them is as shown below: 

           …………………………………………………………………………….2.14 

In equivalent piers, the Young's modulus of the pile (Ep) and the soil (Es) are effectively 

homogenized. Following are the steps for calculating Eeq (Rotta et al, 2017): 

      (
  

  
)    (  

  

  
)…………………………………………………………….2.15 

Randolph M. (1994) concluded that this method is suitable for estimating settlement on 

uniformly loaded rigid foundations with small pile groups. In addition, the equivalent pier 

approach may be applied for piles with a large number of piles by replacing the full pile group 

with a set of equivalent piers. The study found, however, that this method is only suitable for 

estimating the average settlement of piled rafts with unequal lengths. 
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2.6.4. Settlement ratio method 

In the settlement ratio method, the settlement of a pile group is estimated by comparing it to the 

settlement of a single pile under similar loading conditions. Basically, the settlement of a single 

pile is multiplied by the group settlement ratio (Rs) that accounts for pile interactions (Poulos 

H.G., et al., 1980).  According to Zhang Q et al (2012) this method is useful in estimating the 

settlement of piled rafts having rigidly attached rafts with symmetric pile groups. They also 

stated that in this method, a single pile (δsingle) settlement at the average load level is multiplied 

by a factor Rs to estimate the pile group settlement (δgroup) and the relation among them is as 

shown below: 

                …………………………………………………………………………2.16 

This method is primarily suited for the conventional piled raft design approach, where the piles 

serve as bearing elements, supporting a significant portion of the total load with minimal 

contribution from the raft, and are evenly spaced across the entire raft. It calculates the overall 

settlement but does not address differential settlement. The method is quick and facilitates 

straightforward settlement estimation for the initial design (Zhang Q et al., 2012). 

2.7. Load sharing behaviour of piled raft foundation 

Piled raft foundations distribute the load between the raft and piles based on soil properties, pile 

length and number, and raft stiffness. This interaction allows for a more efficient and cost-

effective foundation design compared to using either piles or a raft alone. 

The piled raft foundation system consists of multiple piles and a raft, each with different 

geometries and load-carrying capacities, resulting in uneven load sharing when subjected to the 

superstructure's load. Cho J et al. (2012) observed that the load sharing between the piles and the 

raft in a piled raft system varies under these conditions. They defined the load sharing ratio of the 

pile (LSRP) as the proportion of the load carried by the piles to the total load on the foundation, 

and the load sharing ratio of the raft (LSRR) as the proportion of the load supported by the raft to 

the total load. 

Various parameters such as pile length, diameter, number, spacing, stiffness, and the raft's 

thickness and stiffness significantly influence load sharing in a piled raft system (Cho J et al., 

2012). Additionally, Kwon O et al. (2006) found that the load-settlement behavior of the piled 

raft is similar for point and uniform loading in soft clays, with only minor differences observed 
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in stiff clays. The pile's ultimate capacity is mobilized much earlier, contributing to load sharing 

until this point, after which the raft bears the remaining load until it reaches its ultimate capacity 

(Kwon O et al., 2006). 

2.7.1. Approximate Computer based Method 

To accurately predict settlement and load sharing for a specific pile arrangement, raft 

dimensions, loading conditions, and soil profile, numerical methods with suitable modeling 

techniques and reliable parameters can be employed. These numerical analysis methods are 

effective in addressing a range of piled raft issues. Several computer programs, including 

GRUPPALO, GARP (Geotechnical Analysis of Raft with Piles), GASP (Geotechnical Analysis 

of Strip with Piles), NAPRA (Nonlinear Analysis of Piled Rafts), PRAB (Piled Raft Analysis 

with Batter Piles), and HyPr, are commonly used for the settlement analysis of piled raft systems. 

Mandolini and Viggiani (1997) used GRUPPALO, a boundary element method-based computer 

code, to analyze pile groups and free-standing piled rafts. Russo et al. (2013) used GARP and 

NAPRA for the settlement analysis of Burj Khalifa. GARP employs a plate-on-spring approach 

to analyze piled rafts.  

During investigation, they assumed that the raft, pile, and soil are represented as elastic plates, 

interacting springs, and elastic continuum, respectively. This method is applicable to both 

flexible and rigid rafts and to homogeneous and layered soil profiles. Moreover, they concluded 

that this method allows for applying uniform and point loads on the raft. Poulos (1991) used a 

strip-on-springs approach to analyze piled raft foundations. The raft is modeled as a strip, and 

supporting piles are modeled as springs. This approximate method provides reasonable 

agreement with other methods in settlement estimation of piled raft foundations. Its limitation is 

that it cannot consider the moments in the raft. NAPRA computes the behavior of piled rafts 

subjected to any combination of uniformly distributed or concentrated loads and moments 

(Russo et al., 1998). PRAB is based on elasticity theory and has been used for axially and 

laterally loaded piled raft foundations in both heterogeneous (Kitiyodom P. et al., 2003) and 

homogeneous (Kitiyodom P. et al., 2002) soil media. Clancy (1993) developed a computer code, 

HyPr, for a flexible piled raft on homogeneous soil of finite depth. This method considers the 

complex interactions between the piled raft components and can estimate both average and 

differential settlements. 
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2.7.2. Rigorous Computer – based Method 

A computer-based approach, particularly Finite Element Method (FEM) and Finite Difference 

Method (FDM), provides a powerful tool for analyzing piled raft foundations, enabling more 

detailed and accurate design optimization.  To simulate the complex interactions between rafts, 

piles, and soil, Deka et al (2014) used numerical modeling techniques, particularly the Finite 

Element Method (FEM). Moreover, they found that this approach provided a more accurate 

representation of foundation behavior under various loading conditions than simplified analytical 

approaches.  Moreover, this method achieves more realistic and accurate results than any other 

method, making it a suitable option for analysis when precise results are desired (Deka et al., 

2014).  

Various studies revealed that it is possible to analyze both uniform and non-uniform loading 

condition of the foundation through using finite element analysis method (Hooper J., 1973, 

Rabiei M. et al., 2016, Reul O. et al., 2004).   Mendonca A.V. et al. (2000) concluded that these 

analysis techniques are the most effective for determining settlements and load distributions 

within piled raft foundations.  In boundary element method analysis, the raft is modeled as a thin 

plate element, the soil is represented as an elastic linear homogeneous half-space, and the pile is 

treated as a single element. Additionally, it has been observed that these numerical methods 

demand significant computational memory and fast processors, so they should be used 

judiciously during the initial stages of designing the piled raft foundation. 

2.7.3. Software Based Analysis Method 

A  three-dimensional  elasto-plastic  finite  element  method  used for  the  analyses  of  piled-raft 

foundations was presented by Reul et al (2003).  ABAQUS was used to implement the finite-

element analysis. Figure 2.7 shows the structural model based on the finite element method for 

this analysis. 
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Figure 2.7: A three dimensional PLAXIS software used a) finite element mesh of the system b) 

finite element mesh of the piled raft foundation system (Reul et al, 2003) 

As it is seen from the Figure 2.7, modelling the soil and foundation with finite elements allows 

the soil-structure interaction to be treated in the most rigorous manner. In this example, the soil is 

represented by solid brick elements and the piles by wedge elements of first order. A first order 

shell element of square and triangular shape with reduced integration has been used to model the 

raft. In the case of soil beneath the foundation level, only finite element models are used. In 

addition to the foundation level, the weight of the soil above the foundation level is also 

considered. In place of circular piles, square piles with the same shaft circumference have been 

installed. Considering drained shear parameters simplifies soil into a one-phase medium instead 

of a multiphase medium (Reul et al, 2003). 

2.7. Factors that affect piled raft foundation 

The optimization of a piled raft foundation is clearly influenced by many factors. Jamil et al. 

(2022) identified that type, stiffness, and density of the soil properties; structural loads, including 

the magnitude and type of vertical and lateral forces; and foundation design parameters, such as 

raft thickness, pile number, length, diameter, spacing (S/D ratio), and the specific locations of the 

piles within the raft are the different factors that affect the overall settlement reduction capacity 

of the piled raft foundation. Furthermore, the interaction between the piles and the raft, as well as 
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between the piles themselves and the soil, is crucial to determining performance and load 

sharing. 

2.7.1. Raft Thickness 

A thin or flexible raft deforms more than a thick or rigid one, increasing contact with the subsoil 

and thus increasing the reaction force. As a result, the subsoil could undergo significant 

deformation. In addition to affecting differential settlement, raft thickness also affects maximum 

settlement and axial forces in pile foundations.   In general, as per Tổng et al. (2020) thicker rafts 

increases the maximum settlement due to the increased self-weight, but also it improves the 

stiffness of the system, resulting in reduced differential settlement and greater contribution to the 

total load sharing. The stiffness of the raft according to Alnuaim et al. (2013) could be 

determined as follows: 

   [    ⁄ ] (
  

 
)
 

………………………………………………………………………...2.17 

Where: Kf is stiffness of the raft, Ef and Es is rafts young’s modulus and average elastic modulus  

of the soil respectively, t is raft thickness and s is pile spacing 

According to the equation (Alnuaim et al., 2013), raft stiffness and raft thickness are directly 

related. In their study, Alnuaim et al. (2013) classified rafts by their flexibility into three 

categories: rigid rafts, flexible rafts, and intermediate rafts, depending on the kf values between 

0.01 and 10.  Based on their flexibility raft can be perfectly rigid (if kf > 10), perfectly flexible (if 

kf < 0.01), and intermediate flexibility if the kf values falls between 0.01 to 10.   Additionally, 

they performed centrifugal tests to determine the load carried by the raft for two different pile 

spacing and various raft thicknesses as a function of total displacement of the piled raft.  They 

observed that at a pile spacing to diameter ratio of 4, the load supported by the raft varied 

significantly, being approximately 65% and 55% for raft thicknesses of 0.3 m and 2 m, 

respectively. This difference was caused by a high variation in kf, which was about 0.05 and 2.2 

for the two raft thicknesses.  

Conversely, at pile spacing to diameter ratio of 10, the values of kf were quite similar, around 

0.004 and 0.07 for raft thicknesses of 0.3 m and 1.25 m, respectively, resulting in a narrower 

variation of about 75% in the load carried by the raft. This occurs because a thicker raft at larger 

spacing is more flexible, leading to increased interaction between the raft and soil compared to a 

similar raft with smaller pile spacing (Alnuaim et al., 2013).  
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2.7.2. Pile spacing 

Pile spacing affects pile raft foundations in several ways, such as altering load distribution 

between piles and rafts, affecting overall settlement, and impacting stiffness of the system. 

According to Yirsaw et al (2023) with increased pile spacing, more loads is transferred to the 

raft, resulting in greater raft load sharing, while with more closely spaced piles, the piles take on 

more load. There is no single optimal spacing for foundations; instead, it depends on soil 

conditions, desired load distribution, and foundation stiffness requirements.  In a study by 

Alnuaim et al (2013), rafts with small pile spacing experience less deformation at the center than 

those with large pile spacing. Using a 3x3 group of piles with varying pile spacing, Oh et al 

(2009) found that settlement increased with increasing pile spacing. The researchers 

recommended a pile spacing of 2D-3D for further research (Maharaj et al, 2004, Oh et al, 2009). 

Saif Azhar et al. (2020) investigated the behaviour and performance of the combined piled raft 

foundation by changing the parameters like pile spacing using SAFE software. For their case 

studies, when the pile center-to-centre spacing is varied from 2.5D to 6D, which are 0.75m to 

1.80m, 1.50m to 3.60m, and 2.25m to 5.40m for pile diameters of 0.3m, 0.6m, and 0.9m, 

respectively, the maximum and differential settlements results are as shown in Figure 2.8.  

 

Figure 2.8: Effect of pile spacing on maximum settlement and maximum differential settlement 

(Saif Azhar et al. 2020) 

Figure 2.8 also shows a linear increase in maximum settlement and maximum differential 

settlement as a result of increasing pile spacing (Saif Azhar et al. 2020). Mali et al. (2021) used 

Plaxis 3D numerical model to investigate the effect of pile spacing on center settlement ratio for 
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different pile group configurations is shown in Figure 2.9 (a) and (b).  Their study shows that 

with an increase in pile spacing to pile depth ratio (Sp/dp) from 3 to 5, the center settlement ratio 

decreases for the 4 × 4 configuration. The center settlement ratio decreased as the pile spacing 

(Sp) increased because of uniform load distribution among the piles. However, for 2 x 2 pile 

configuration, as Sp/dp ratio increased from 3 to 4, the center settlement ratio remained constant, 

and thereafter, it decreased at Sp/dp ratio 5. 

 

 

Figure 2.9: Center settlement ratio versus Sp/dp ratio: (a) 2 × 2 pile groups and (b) 4 × 4 pile 

group 
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2.7.3. Pile Length 

The length of the piles significantly influences the settlement behavior of piled raft foundations. 

While longer piles generally lead to a decrease in total settlement, they may also result in an 

increase in differential settlement between the piles and the raft. According to Hoang et al. 

(2024) increasing pile length in a piled raft foundation it decreases overall settlement, increases 

load-bearing capacity, and increases the percentage of load carried by the piles, however, it 

becomes less effective at a point, called the critical depth, after which more increases yield 

diminishing returns. As a result, the raft's bending moment is reduced, but the shear force was 

increased.   Kumar (2018) found that a non-uniform pile length in a piled raft foundation can 

meet the minimum settlement requirement.  Moreover, he concluded that cost for foundation 

preparation was significantly reduced due to implementation of piled raft type design approach. 

Study by Zhang et al. (2012) indicated that the length of piles in piled raft foundations has a 

substantial impact on load distribution, overall settlement, and differential settlement. Future 

studies should explore a wider variety of pile lengths and configurations to enhance the 

effectiveness of piled raft foundations across different soil types and load conditions.  

2.8. Review of related literature 

A pile raft foundation is composed of piles and rafts, where rafts act as pile caps. In addition to 

the raft, there are a number of piles that support the raft. Afterwards, the combined assembly is 

loaded both vertically and laterally. By using rafts and piles, these loads are transferred to the 

soil.  A piled raft foundation system distributes load between the piles and the raft, in contrast to 

traditional piled or raft foundations where only piles are utilized to minimize total and 

differential settlements, often overlooking the raft's contribution. In piled raft systems, piles 

mainly serve to reduce settlement, while load sharing between the piles and raft is of secondary 

importance. By adjusting various factors such as pile diameter, spacing, length, and raft 

thickness, the total and differential settlement of the piled raft system can be maintained within 

acceptable limits. A number of studies have been performed on parametric studies of piled raft 

foundation while subjected at different conditions: 

Reul and Randolph (2004) studied 259 different piled raft configurations using three-

dimensional elastoplastic finite element analyses. In this study, the pile positions, number of 

piles, pile length, and the raft-soil stiffness ratio, as well as the load distribution on the raft, were 
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varied. The parametric study considered square unpiled rafts and piled rafts with an edge length 

of B = 38 m. Three basic pile configurations were examined. Pile Configuration 1 has piles 

uniformly distributed under the entire raft area. Pile Configuration 2 places the piles only in the 

central area. Pile Configuration 3 has piles under both the central area and the edges of the raft. 

The number of piles was varied between n = 9 and n = 169, and the pile length between Lp = 10 

m and Lp = 50 m. The pile diameter was kept constant at dp = 1.0 m. Pile spacing varied 

between s = 3 m and s = 6 m. The raft-soil stiffness ratio ranged from about 0.008 (nearly fully 

flexible) to approximately 54 (nearly rigid), where K is defined by Horikoshi & Randolph, 

(1998). 

Reul and Randolph (2004) conducted a study involving 259 different piled raft configurations 

using three-dimensional elasto-plastic finite element analyses. They varied factors such as pile 

positions, the number of piles, pile lengths, and the raft-soil stiffness ratio, along with the load 

distribution on the raft. The parametric study focused on square un-piled rafts and piled rafts 

with an edge length of B = 38m. Three primary pile configurations were analyzed: Configuration 

1 featured piles evenly distributed across the raft area; Configuration 2 had piles concentrated 

only in the central region; and Configuration 3 included piles both in the central area and along 

the edges of the raft. The number of piles ranged from n = 9 to n = 169, with pile lengths varying 

between Lp = 10 m and Lp = 50 m. The pile diameter remained constant at Dp = 1.0 m, and pile 

spacing ranged from S = 3 m to S= 6 m. The raft-soil stiffness ratio was adjusted between Krs ~ 

0.008 (approximately fully flexible) and Krs ~ 54 (roughly rigid), where K is defined by 

Horikoshi and Randolph (1998). The authors concluded that from their analysis the optimized 

design of a foundation depends on the subsoil conditions, the load configuration, and the load 

level. Moreover, they concluded that for similar pile length the reduced average settlement was 

observed for the case of smaller number of piles rather that of higher number of piles.  

Furthermore, they found that comparing with unpiled raft foundation piled raft foundation shows 

a greater reduction in average settlement values due to installation of piles in all configurations. 

Wiesner and Brown (1980) conducted an experimental investigation on raft foundation models 

embedded in overconsolidated clay to evaluate the accuracy and applicability of methods based 

on elastic continuum theory for predicting the behaviour of piled-raft foundations subjected to 

vertical loading. The study involved precise measurements of settlements, strains, and bending 
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moments in the raft. Their findings revealed that the theoretical predictions, which assume the 

soil behaves as a linearly elastic continuum, provided satisfactory results in predicting the 

performance of piled-raft foundations, demonstrating the robustness of this simplified approach 

for practical use.  

According to Nirmal et al (2014), piled raft foundations are a cost-effective solution when raft 

foundations can meet the bearing capacity requirement but fail to keep differentials and 

maximum settlements below the maximum allowable limit. According to previous studies, 

increasing the thickness of rafts or the length of piles decreased the settlement of rafts, but 

decreasing the distance between piles increased settlement of rafts. In this study, permuted pile 

arrangements were used instead of uniform ones, resulting in improved performance of piled raft 

systems. An analysis of piled raft foundations is presented in this paper using PLAXIS 3D with 

permuted pile arrangements. Models and analyses were conducted for three different pile 

diameters.  In this study, a 10 storey building founded on medium density sand was analyzed.  A 

variety of pile combinations were modeled and analyzed for piling rafts.  According to the 

comparison of results, installing high capacity piles in the regions with the highest load 

concentration and reinforcing the remainder of the raft with medium capacity piles has the most 

significant effect on reducing maximum settlement and differential settlement.  As part of this 

study, a few general trends in the behavior of piled rafts have been examined. Moreover, they 

concluded that it is advisable to provide piles with a different diameter than with equal diameter 

irrespective of soil type, and that the interior region should receive piles with a larger diameter in 

order to reduce the maximum settlement and differential settlement. The study concluded that the 

piles configurations in raft (piled raft) have the most important effect on significantly reducing 

maximum settlement and the differential settlement, particularly by concentrating the piles in the 

centre of raft. 

Vu, Anh et al (2014) highlighted the settlement behaviour of piled raft foundation through using 

Plaxis 3D finite element program. In their study the effects of pile number, pile length, pile 

layout and pile spacing on the behaviour of piled raft foundation were studied in detail. The 

result from numerical study revealed that Piled raft foundation has much more efficiency to 

reduce settlement than that of traditional unpiled raft foundation. Moreover, they found that the 

value of vertical deformation decreased as the result of the increasing pile number, pile length, 
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pile spacing and vice versa. And they concluded that pile layout has showed a significant effect 

on both value and location of maximum settlement of piled raft foundation. 

SrinivasaReddy et al (2017) presented application of PLAXIS 3D finite element software to 

analyse piled raft foundation on clayey soil to investigate the behaviour of piled raft system in 

soils under different loading conditions.  According to their study the settlement was measured at 

the centre of the models of pile raft with (single, two, three & four) piles and the behaviour of 

piled raft foundation with respect to  the effect of number of piles, spacing between piles, elastic 

of modulus and raft size on the load carrying capacity of piled raft foundation system are 

assessed. They concluded that as the number of pile beneath the raft increases then the bearing 

capacity of the piled raft become significantly improved. Moreover, they concluded that in 

comparison to shallow (raft) foundations, piled rafts reduce effectively the settlements. 

Research from Latakia University (2024) used the Plaxis 3D program to model the pile-raft of a 

16-story residential building in Latakia, Syria, in order to determine the percentage contribution 

of both the raft and the piles to the total loads of the building. It was compared with the proposed 

simplified method for calculating the raft's contribution, which is based on the principle of the 

additional effect of the piles as raft columns, thereby reducing their settlement. The raft's 

contribution reached 21.11%, leading to a reduction in the number of piles to 99 with 2m 

spacing, instead of 120 piles with 1.8m spacing when the raft's contribution was 

neglected.    Moreover, in this study they concluded that it is possible to consider this method 

safe to use compared to the Poulos method, which gave a higher percentage of the raft 

contribution, reaching 36.8%, compared to the analytical model of PLAXIS 3D program, which 

reached 28.36%. 

Using the finite element-based program Plaxis 3D, Biya et al (2023) investigated the response of 

piled-raft foundations depending on the thickness of the rafts, the number of piles, the length of 

the piles, the spacing of the piles, and the diameter of the piles. In this study uniform vertical 

loading found from Addis Ababa study area were applied on layered soils (medium to very stiff 

high plastic silty clay and medium to very dense silty sand soil).  This model includes a 

continuum of soil, a rectangular raft foundation (1.5 Lr/Br, 10 m Br, and 15 m Lr), an interface 

component, and a 360 kPa uniformly distributed load (UDL); a drained analysis was utilized 

since no water was encountered in boreholes. The raft's edge lateral boundaries were set twice its 

width, limiting soil displacement horizontally (but allowing vertical displacement). The results 
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showed that keeping the pile number as 16 then increasing the raft thickness from 0.7 m to 1.7 m 

a reduced in the differential settlement by 78.21% were observed. Conversely, the maximum 

settlements were increased by 2.81%. Besides, the result from their study revealed that as 

increasing the number of piles from 4 to 16 then the maximum settlement were reduced by 

22.09% for a pile spacing of 4D. Moreover, as increasing the pile length from 9 m to 15 m the 

result showed that there is a 19.49% reduction in the total settlement while spacing the pile with 

a distance of 5D.  

According to Nguyen et al. (2014), for large pile rafts in sand, a 3D numerical analysis was 

conducted, and it was suggested that piles should be piled more densely at the load center for a 

uniform load, along the column for a column load, and along the load line for a line load. 

A review of recent investigations on the effect of application of piled raft foundation as a further 

settlement reduction compared to un-piled raft foundation were  presented.  Using Plaxis 3D 

Foundation, Elarabi (2012) investigated the applicability of piling rafts in soft clay under 

undrained conditions. In the case of piled rafts, he discovered that increasing pile spacing leads 

to a larger settlement.  

Ta LD et al (1996) investigated piled rafts in layered soils. In order to simulate the piles in the 

layered soil, a numerical method called the finite layer method was used. The study concluded 

that in layered soil, pile load distribution is affected by layers' relative thicknesses and 

stiffnesses.  

A summary table that offers a concise overview of recent research efforts is also presented 

in Table 2.1. The table summarizes how researchers conducted their investigation, identifying 

which soil was used to construct piled raft foundation. Detail review of the application of 

different types of numerical model to analyse piled and unpiled raft foundation at various 

parametric studies and explaining how the numerical alaysis process was executed were 

presented in a summarized table from, and presenting the main findings drawn from their studies.  

 

 

 

 

 

 

https://link.springer.com/article/10.1007/s10706-023-02492-8#Tab1
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Table 2.2: Summarized review of previous works 

Reference Soil Type 
Numerical 

type 

Piled and unpiled raft 

foundation and their 

geometry with 

parametric studies 

Main Conclusion 

Abdel et al 

(2020) 

Frankfurt 

over-

consolidated 

clay  

Plaxis 3D Piled raft foundation 

evaluated interms of total 

settlement, differential 

settlement and the pile 

skin friction 

It was found that the chosen 

foundation system ―plied 

raft foundation‖ for 

Messeturm was an 

optimized solution for the 

proposed building 

Batuhan et 

al (2023) 

Five 

different 

material 

Plaxis 2D 

and 3D 

The load-settlement 

behavior, including 

maximum and differential 

settlements, as well as 

pile loads and bending 

moments, was compared 

against field 

measurements. 

The results show that 3D 

models predict load 

settlement more accurately 

than 2D models. 

Additionally, it was 

concluded that 2D models 

yield conservative results. 

Joseph, J. 

(2018) 

Multi – 

layered soil 

Plaxis 3D A parametric study was 

conducted to examine 

how the diameter and 

spacing of piles, along 

with different raft 

thicknesses, affect 

settlement reduction. 

The foundation experiences 

greater settlement compared 

to a piled raft foundation. 

Additionally, raft thickness 

has minimal impact on 

reducing total and 

differential settlements. 

Ahmed, M. 

et al (2014) 

Suitable to 

cohesion 

less soil 

Plaxis 3D Parameters such as 

construction phasing, 

sequential loading, 

building aspect ratios, 

The study found that the 

interaction between the 

building foundation, soil 

field, and superstructure 
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soil failure models, and 

the thickness ratio of the 

soil's stiff layer are taken 

into account. 

significantly impacts the 

structure. 

 

Vijaykumar 

et al (2014) 

Clayey Sand Plaxis 3D Parameters such as the 

number, length, diameter, 

and spacing of piles have 

been included in the 

analysis of the piled raft 

foundation system. 

 

The total load supported by 

the piled raft is distributed 

between the piles and the 

raft. As a result, the stresses 

and bending moments in the 

piles are significantly 

reduced. An increase in the 

length and number of piles 

enhances the load-carrying 

capacity of the system 

increases and the settlement 

decreases. 

Yirsaw et al 

(2022) 

Stiff clay FLAC 3D Analyzed 28 piled raft 

configurations  at various 

length and diameter of 

pile,  

Increasing the distance 

between piles increases the 

raft load sharing distribution 

by 11.5% while reducing 

settlement. Further 

increasing pile length is 

ineffective for settlement 

reduction 

2.9. Gaps identified while reviewing previous related works 

Overall, previous research indicates that the use of piled raft foundations in clayey soils is crucial 

for minimizing settlement under heavy loads, and recent studies have produced noteworthy 

findings regarding their effectiveness for settlement improvement. As a result of the literature 

review, piled raft foundation is effective at improving load-bearing capacity and reducing 

settlement of weak to stiff soils. In order to achieve optimal performance, various factors, such as 
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soil type, pile spacing, and pile diameter, must also be taken into account during the design 

process.  

Nonetheless, there have been limited studies focusing on the influence of key parameters such as 

pile length (Lp), pile spacing (Sp), pile diameter (dp), and the number of piles (Np) on the 

settlement and load-bearing characteristics of piled raft foundations in clay soils while subjected 

under heavy structural load. Additionally, the impact of these parameters on the optimal design 

of small piled raft foundations is not well documented and requires further investigation.Most 

current research on the parametric analysis of piled raft foundations has concentrated on square-

shaped rafts, which do not truly reflect the typical shape of many structures. Furthermore, there 

is insufficient research on local soil conditions and their impact on the performance of piled raft 

foundations in Ethiopia.  

Consequently, it is essential to examine the behavior of rectangular piled raft foundations, 

especially in the weak soil types prevalent in Addis Ababa and other areas of Ethiopia. 
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Chapter three 

Research Methodology 

3.1. Introduction 

The purpose of this section is to develop a method for using a numerical model to simulate a 

piled raft foundation that supports heavy structural loads on stiff, clayey soil. A description of 

the study area is provided. A realistic boundary condition is adopted, including restraints, the 

groundwater table, applied loads, and the method used to model the piled raft foundation. Using 

secondary data from the study area, a material parameter is calibrated for the soil profile. 

Additionally, a material parameter is presented for the raft and pile foundation components. 

Furthermore, this section describes the study area and the process undertaken to achieve the 

general and specific objectives of the study. To accomplish these objectives, several steps were 

followed.  

First, a detailed literature review was conducted to gain an in-depth understanding of the 

application of piled raft foundations in reducing settlement for deep foundations resting on 

clayey soil and then relevant parameters, methods, and their effects on structural settlement were 

investigated in detail.  

Next, representative data were collected from geotechnical design offices, specialized 

geotechnical investigation companies, and government agencies concerned with these matters. 

Based on the depth, the number of boreholes, and the extent of the area covered, the research 

zone where moderate soil could be present was determined using the collected data. Parameters 

for the numerical modelling of the foundation system using Plaxis 3D were identified. A 

numerical model was then developed for piled raft foundation type application in selected soils, 

through considering various parameters. Results and discussions were based on the model's 

output. Finally, conclusions and recommendations were made. Figure 3.2 presents a flow chart 

of this research more clearly.  

3.2. Description of study area 

The proposed 3B+ G+35 Mixed use Building project site is located in Addis Ababa, at Lagare 

close to Ethiopian Insurance Company at the northern side of the Federal Housing Corporation 

and in front of the Ethiopian Maritime office. Location of the site in Google map is presented in 
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Figure 3.1.  The project location is characterized by flat topographical feature and approximately 

rectangular in plan shape. There are no any visible geomorphologic features such as gullies and 

river cuts. 


Figure 3.1: Location map of the project site in Google map 

The Capital city Addis Ababa is the hub of a vast region of immense economic potentials    

accessible    by    means    of    railway    and expressway.  Due to these facts, the urbanization is 

rapid in the different directions of the city and investors are attracted to invest in the town and 

the nearby areas. Currently, many civil engineering structures such as roads,  bridges,  Industry  

Park  and  multistory  buildings including  international  hotels  and  commercial  centers are 

under construction in the city. On the other hand, the town has been vulnerable to geological 

hazards like erosion and associated landslides, ground fissure and flooding during rainy season.  

Regarding seismicity of the project location, according to the Ethiopian Building Code Standard 

(ES EN 1998-1:2015) Ethiopia is subdivided into five seismic zones (Zone 0, 1, 2, 3, 4 and 5). 

The seismic hazard zone 0 is the least hazardous zone or zero seismicity whereas zone 5 is very 

high seismicity Zone. Zone 5 is located in the main Ethiopian rift system and almost all 
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epicenters are located within this zone 5. Since Addis Ababa city, including the project sites, are 

located within seismic Zone-3 having a ground acceleration ratio of 0.1, the design and 

construction of facility with this zone should be seismic hazards corresponding to a reference 

return period of 475 years (10 % probability of accidence in 50 years). 

3.3. Data Collection  

This research used both primary and secondary data sources for data collection. Primary data is a 

load calculation at the base from 37-story building designed and analysed using ETABS software 

(See Appendix 1). Secondary data came from a comprehensive review and analysis of 

publications, literature, journals, books, and case studies about pile raft foundation design and 

analysis. Furthermore, a desk study of data from design offices (Lula Engineering-Design-

Building Renovate Consulting) such as geotechnical investigation report was conducted to gather 

relevant information on the subject. In addition to ensuring the study's objectives are met, 

secondary data sources offer a cost-effective and time-efficient way of obtaining information on 

the research topic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Research methodology Flow Chart 
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3.4. Using PLAXIS 3D to develop a Finite Element Numerical Model 

This research paper conducted a comprehensive analysis and parametric study of a piled raft 

foundation constructed on clayey soil using the powerful finite element-based software PLAXIS 

3D CONNECT Edition Version 20 (V20).  In order to perform a numerical analysis with Plaxis 

3D, various parameters were selected based on the components of the effect of applying a piled 

raft foundation system; some parameters were kept constant, while others were varied based on 

how they affected the reduction of settlement by soil, raft and pile interaction. Several 

parameters were varied, including raft thickness, pile spacing, pile length, and pile number. 

Throughout the study, soil properties as well as structural elements like the raft and pile 

remained constant.  

3.4.1. The soil Parameters 

This study examined the application of the piled raft system on mainly clayey soils by collecting 

soil data from geotechnical investigation consulting offices. Modelling the soil as an Elasto-

plastic Mohr-Coulomb medium was used to represent material non-linearity. For the provided 

project site, a multi-layer soil model was developed from 4 borehole data, with the primary type 

being a plastic clayey and silt sand soil type. These boreholes extended to more than 18m of 

maximum depth from the ground surface. In their report, some boreholes did not reveal any 

subsurface water during drilling, while others showed shallow groundwater at depths starting 

from 2 meters. This presence is likely due to the wet season, which can lead to flooding in the 

boreholes, and may also be influenced by the water used during drilling required for penetrating 

hard rock. However, the impact of groundwater was not taken into account during the analysis. 

The geotechnical parameters for the layer were sourced from collected data, and missing 

information was estimated using empirical equations derived from the Standard Penetration Test 

(SPT) and laboratory shear test values of the boreholes. Kumar R. et al (2016) illustrated that 

empirical relationships based on the SPT N value are commonly used because of their simplicity 

and usefulness in estimating parameters such as cohesion, angle of friction, Poisson’s ratio, shear 

wave velocity, and bearing capacity. Moreover, they concluded that standard penetration test 

(SPT) is a widely used method for general soil characterization. The Young’s modulus, cohesion, 

angle of friction, and Poisson’s ratio of the layers were not provided in the soil investigation 

report. Therefore, the Young’s modulus of the given soil layer was determined using Appendix 2 
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as reported in USCS (Kézdi & Rétháti, 1974; Obrzud & Truty, 2012). Cohesion, angle of 

friction, and Poisson’s ratio were determined using a correlation equation developed by Kumar 

R. et al. (2016). 

3.4.2. Development of Raft Part Material Properties and Parameters 

The raft was treated as a flat slab with uniform thickness resting on the ground surface. During 

the modeling of the raft, it was found that its volume was considerably smaller than that of the 

surrounding soil mass. As a result, smaller mesh elements were used for the raft. A rectangular 

raft foundation with a length-to-width ratio of 1.5 (Lr/Br = 1.5) was considered. The initial raft 

thickness was determined using SAFE 20 software, which incorporated loads from the ETABS 

output to counteract punching forces. Thicknesses of 2 m, 2.5 m, and 3 m were analyzed. 

Relevant raft properties were obtained from previous journal articles and publications. 

In plaxis 3D, the raft part of the foundation structure is modelled as a plate element and its 

properties are as given in the Table 3.1.  Its properties were acquired from ECX (Ethiopian 

Commodity Exchange) office building project Profile for Lula Engineering-Design-Building 

Renovate Consulting. The three dimensional view of raft foundation is shown in Figure 3.3 and 

summary of the parameters developed for the raft foundation as a plate  is presented in Table 3.1. 

Table 3.1: Raft properties adopted for all subsequent finite element analysis 

Parameter Value 

Material Model Elastic 

Raft thickness 2m to 3m 

Bulk Unit weight (KN/m
3
) 25 

Modulus of Elasticity, E (mPa) 25000 

Friction Angle (
0
) 42 

Dilatancy Angle 12 

Poisons Ratio 0.15 

3.4.3. Development of Pile Part Material Properties and Parameters 

In this study, piles were modelled similarly to the raft. Each building frame's raft was assumed to 

be supported by a group of piles with circular cross-sections. Small-diameter bored piles were 

defined as those with a diameter of 600 mm or less, while large-diameter bored piles had 
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diameters greater than 600 mm, as per CES-2015. This research used piles with a 1 m diameter. 

According to ES 7-2015, for bored cast-in-situ piles, the spacing should be at least 3 times the 

pile diameter but not less than 1.10 m. Therefore, the study began with 2D spacing on the shorter 

side of the raft, which later increased to 2.5 and 3 times the pile diameter. Simultaneously, a 

spacing of 1.5 times the shorter side spacing was used for the longer side of the raft. Pile length 

was another parameter used to analyze the settlement of the structure. Since this research focuses 

on settlement, a large piled raft with Br > Lp was chosen, with an Lp of 18 m, then reduced to 

14.4 m and 10.8 m. Another factor considered in the analysis was the number of piles, with only 

24 piles utilized.  

In the present study, circular piles were considered. C25/30 concrete grade and S-400 steel were 

used with a Poisson’s ratio of 0.15 for concrete. In this study, the effect of the number of piles, 

pile spacing, the end of pile at soil with varying stiffness, length of piles on settlement, and 

swelling of foundation were examined. Summary of the parameters developed for the pile 

foundation part as embedded beam row element is as shown in Table 3.2. 

Table 3.2: Pile properties adopted for all subsequent finite element analysis 

Parameter Value 

Material Model Elastic 

Pile diameter 1m 

Design Element Embedded Beam row 

Pile Length 18m and varies 

Bulk Unit weight (KN/m
3
) 25 

Modulus of Elasticity, E (mPa) 25000 

Friction Angle (
0
) 42 

Dilatancy Angle 12 

Poisons Ratio 0.15 

 

 Figure 3.3 shows a three-dimensional view of inclusion of a single column loading on a given 

footing.  
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Figure 3.3: 3D view of piled raft foundation loading as uniformly distributed load (UDL) on 

footing 

3.4.4. Material properties of layered soil 

Based on one borehole data extending up to 2 meters from the surface, the analysis was using a 

Mohr–Coulomb numerical model as Elasto-plastic medium and modelling a layer of subsoil was 

carried out. The geotechnical parameters were derived from collected data, and missing 

information was calculated using empirical equations. As shown in the table below, Young's 

modulus, cohesion, angle of friction, Poisson's ratio and other parameters were determined.    

Table 3.3: Soil properties adopted for all subsequent finite element analysis 

Soil Parameter Soil layer-1 Soil Layer-2 

Material Model MC MC 

Depth 0.0m-10m 10m-18m 

Drainage condition Drained Drained 

Bulk Unit weight (KN/M3) 18.3 18.8 

Cohesion (kPa) 41.7 23 

Modulus of Elasticity, E (mPa) 50 50 

Friction Angle (
0
) 23.7 28 

Dilatancy Angle - - 

Poisons Ratio 0.45 0.35 
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3.4.5. Finite Element and Boundary Conditions  

A finite element model's accuracy depends not only on the sophistication of the material model, 

but also on the boundary conditions of the domain, the number and type of elements within the 

domain, and other modelling issues.  

The structural model includes a soil continuum with undisturbed boundary conditions, a piled 

raft foundation, an interface component, and a uniformly distributed load of 520.37kPa from 

1,063,244.49KN of distributed load.  This study modelled rectangular raft foundation geometry 

with a width of 12m and a length of 18m, where B and L correspond to the width and length of 

the chosen raft for modelling, respectively from a building foot print width of 36.35m and 

56.21m length.  

A typical finite element mesh is shown in Figure 3.4. The design office report indicates that 

groundwater was not encountered in all boreholes. Hence, in this study, the water table was not 

considered, and drained analyses were performed.  At the edge of the raft, the model's lateral soil 

domain boundaries were set at a distance equal to twice the raft's width and were restricted 

against horizontal movement (i.e., horizontal displacement) while allowing vertical movement 

(i.e., vertical displacement) of the soil. In a raft foundation, the pressure bulb (see Figure 3.5) 

was created with a size up to double the raft's width, whereas in a pile group, it was formed at 

two-thirds of the pile length. Consequently, the bottom soil boundary had a vertical distance 

equal to twice the raft's width plus two-thirds of the pile length, and it was restricted in both 

horizontal and vertical movements. As shown from figure 3.4, the excavation's depth is 

determined as 2B + 2/3(pile maximum length). These parameters are utilized for modelling the 

excavation area using Plaxis 3D.  

The examination and analysis of a unit or group of pile inclusion on the given layered soil 

consists of three phases: the initial phase, the construction phase, and the loading phase.  

 During the initial phase, which involves setting up the initial geometry configurations and 

the corresponding stress field, the soil domain was activated.  

 In the construction phase, the piled-raft geometry was activated.  

 And in the loading phase, the applied load was introduced and executed.  

A preliminary analysis of the un-piled raft under the imposed load revealed that the chosen 

lateral boundaries of the soil domain were adequate, as the area of plastic strain in the soil was 

equal to the raft's width (Br) laterally from the edge of the raft (Mirand et al.,2021).  The code for 
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finite elements in Plaxis 3D was used to create the entire 3D model. This code automatically 

generates the finite element mesh using a triangulation procedure, but global and local mesh 

refinements may be defined to ensure a good quality of the mesh (Brinkgreve et al., 2008).  Soil 

and pile were modelled as a continuum element consisting of 10-noded tetrahedral elements.  

 

 

Figure 3.4: (a) Boundary and typical finite element mesh used in the parametric study, and (b) 

10-node tetrahedral element with 3-node embedded beam element (Mali & Singh, 2018) 

 

Figure 3.5: Justification of critical pile column length in a homogeneous soil layer: (a) 

Settlement reduction in elastic materials linked to pressure distribution; (b) Bearing capacity; (c) 

Settlement reduction in elasto-plastic materials related to plastic deformation (Mirand et al, 

2021) 

3.4.6. Constitutive Numerical Modeling the Piled Raft Foundation  

Castillo et al. (2024) defined that the constitutive numerical model defines how materials behave 

under load within a numerical simulation, which allows engineers to predict the characteristics of 

materials and structures. Material properties such as elasticity, plasticity, and strength are 

(a) (b) 

     (c) 
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mathematically described by these models, which link stress to strain to capture complex 

behaviors such as hardening, softening, and time-dependent deformations.  It has the advantage 

of requiring a few input parameters, all of which can be calculated from standard soil tests, 

which is a key advantage of the Mohr-Coulomb model. Figure 3.4 shows that soil in the Mohr-

Coulomb model was represented by 10-node tetrahedral elements as well as elastic perfectly 

plastic elements. A variety of parameters were required for this modelling, including cohesion, 

the internal friction angle, the Young's modulus, and the Poisson's ratio.  

The Mohr-Coulomb failure criteria state that soils fail when their mobilized shear stress exceeds 

their shear strength. To simplify the analysis process, constant material parameter values were 

used for the soil domain. Based on Vishwakarma et al (2017) specifications for modeling 

concrete slabs, the raft parts of the foundation were modeled as area elements (shells).  Load 

transferred from the column was treated as a concentrated point load. This point load, however, 

is uniformly distributed (UDL) over the cross-sectional area of the raft in the mathematical 

model.  

In finite-element modelling, the plate (shell) is discretised and the soil was modelled as a spring 

with equivalent stiffness.  According to Li, J et al (2024) using Finite Element Modeling (FEM), 

a thin plate or shell structure is divided into smaller, manageable "finite 

elements." Simultaneously, the underlying soil is simplified and represented as a series of 

connected springs, where the spring's stiffness reflects the soil's resistance to deformation in real 

life. Soil-structure interaction problems are often solved using this method, which simplifies 

complex soil behavior into a more computationally tractable form for FEM analysis. 

In this study the raft was modeled using triangular plate elements.  Meshing these plates yields 

six-node triangular plate elements with six degrees of freedom. Similarly, the pile part of the 

foundation is modeled as embedded beam elements. These embedded beams are composed of 

beam components combined with unique interface elements that facilitate interaction with the 

surrounding soil. Once meshed, these beam elements transform into 3-node line elements with 

six degrees of freedom for each node, including three translational and three rotational 

movements.   

Moreover, Ninicet et al (2014) employed a numerical technique in which a structural element 

like a pile is represented by beam elements within a soil finite element model. They observed 

that soil-structure interaction is simulated by specially specified interface elements of these 
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beams that interact with surrounding soil. As a result of this approach, it is possible to have an 

efficient analysis of geotechnical structures by separating the beam meshes from the solid 

meshes, as well as accurately predicting how piles and soil transfer loads and deform.   Due to 

their high modulus of elasticity, rafts and piles (connected each other through applying rigid 

connection) maintain an elastic state during investigation, leading to their classification as 

linearly elastic.  

In this analysis, the interface element is represented by the interface reduction factor (Rinter).  

Wang et al (2024) explained that, in finite element analysis (FEA), the interface reduction factor 

(Rinter) represents the reduced shear strength and stiffness of interface elements (such as soil and 

structural elements) as compared to adjacent soil and it is obtained by dividing the ultimate shear  

resistance held between soil and the corresponding concrete by the limit shear resistance. 

Moreover, they showed that a Rinter value of 1.0 indicates a perfectly bonded, fully developed 

interface, while a value closer to 0.0 indicates virtually frictionless contact. In Figure 3.6, the 

pile-soil interface technique is illustrated. These two figures illustrate the conditions of "no slip" 

and "slip" between the soil and pile, respectively. 

 

Figure 3.6: Pile-soil interface modeling technique (a) no slip, (b) slip, and (c) Coulomb 

frictional law (Jeong et al., 2004) 
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Interface elements are available in PLAXIS 3D foundation to model the interaction between 

smooth and rough surfaces i.e. between the raft and soil. Interface elements can simulate gap and 

slip displacements, which are normal and parallel to the interface, respectively. The loss of 

strength at the interface is modeled with a reduction factor (Rinter), which relates the interface 

strength to the soil strength through friction angle () as below (Wang et al, 2024): 

                             ……………………………………………………..3.1 

According to the Plaxis 3D manual, sand and concrete interface recommendations range from 

0.8-1, whereas clay and concrete recommendations range from 0.7-1. Thus, in this study the 

interface between raft and soil is considered as smooth with Rinter values of 0.8.  Modelling pile 

- soil interactions was carried out using node pairs instead of single nodes in 3-node line 

elements. In each pair, one node is part of the beam element, and the other is a point in the 10-

node wedge element belonging to the soil element. Interface elements are primarily used to 

simulate displacement discontinuities between structural elements and soil mass. Wang et al 

(2024) demonstrated that in the finite element formulation, the coordinates of each pair of nodes 

are identical, indicating that the interface element has zero thickness (h = 0) (see Figure 3.6(a)).  

The Mohr-Coulomb failure criterion is followed by interface elements, and when the soil's shear 

stress is equal to its yield shear strength (                      ), slippage occurs at the interface (Figure 

3.6(c)). As seen from Figure 3.6(C) elastic shear behavior exists until the shear stress reaches a 

critical value (γcrit), after which the shear displacement increases without an accompanying rise 

in shear stress (Figure 3.6(c)). It is important to introduce interface elements to simulate 

displacement discontinuities between structural concrete elements and the soil mass (Rafael et al 

(2017). 

3.5. Mesh Sensitivity Analysis 

A mesh sensitivity analysis was conducted to investigate the effect of element number on the 

accuracy of the finite element model. The number of pile, pile size, and pile spacing are varied 

under raft thickness in subsequent parametric studies. It was performe to compare the accuracy 

of medium and fine meshes against very fine meshes.  The vertical displacement was examined 

for the mesh sensitivity analysis as the settlement performance of the piled raft is the primary 

focus of this thesis work. It is possible to influence the results of the finite element model by 

changing the number of elements. In order to examine this effect, five different finite element 

 tannf c
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meshes were tested on a biased mesh system with varying element sizes and numbers as shown 

in table 3.4.   

Table 3.4:  Effect of the number of elements on maximum settlement 

Trial 

Number 

Mesh Coarseness Number of Elements Maximum Settlement 

(m)  

1 Very coarse 1685 0.1501 

2 Coarse 3012 0.1526 

3 Medium 7941 0.1558 

4 Fine 19765 0.1596 

5 Very fine 50426 0.1605 

Figure 3.5 and Table 3.4 shows that the maximum central settlement increases with an increase 

in elements until it reaches 19,765 elements. Once the maximum central settlement reaches this 

point, the number of elements has almost no impact. As a result, the fourth trial model was 

selected for further analysis. The soil domain was covered with a fine mesh, while the structural 

components were covered with a mesh that was considerably finer. Its coarseness factor between 

fine and very fine mesh is 0.09%, which indicates that the element size in this very fine mesh is 

0.09% times smaller than that in the fine mesh.   

 

Figure 3.7: Effect of mesh coarseness on maximum central settlement 

The extremely fine mesh was created with a 0.25 coarseness factor, which indicates that the 

element size in this very fine mesh is 0.25 times smaller than the element in the fine mesh.   The 
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use of a finer mesh gave slightly higher settlements, but the differences were negligible. Mesh 

sensitivity analyses were performed to confirm the accuracy of the mesh. 

3.6. Model Validation 

In this research, the model validity approach was tested by comparing the numerical findings to 

existing literatures such as Ferchat et al. (2021), Mali & Singh (2018), and Sinha & Hanna 

(2017).  A study of the application of piled raft foundation to selected layered soil profile was 

presented. In order to achieve the objectives, a piled raft system with a rectangular raft 

measuring 12 x 18 m and a 2m, 2.5m and 3m thickness was modeled. This raft, fully embedded 

in soft clay soil, rests on 24 circular piles that are 1.0 m in diameter and 18m, 14.4m and 10.8m  

long respectively and piles are evenly distributed beneath the raft, having a spacing (Sp) of 2,2.5 

and 3 times pile diameter (D) where pile diameter is taken as 1m. In order to simulate loading, a 

uniform vertical load was applied to the foundation surface. All subsequent numerical modeling 

analyses utilized a small strain formulation and a staged construction approach. Work planes are 

defined as horizontal planes (x-z planes) at specific vertical levels (y-levels), where geometry 

points, lines, structures, and loads can be identified. In PLAXIS 3D, every model begins with an 

initial phase, which includes only the soil clusters and does not activate other structural 

components. This phase calculates the stresses and deformations arising solely from the soil 

clusters under the influence of gravity load. A series of finite Element Analysis was carried out 

using PLAXIS 3D foundation code to examine the effect of key design parameters upon the 

settlement performance.  

The key design material parameters and considerations are illustrated in Table 3.1 and 3.2. In 

addition, the preliminary checks for sensitivity analysis have also dictated. Figure 3.8 shown 

below compares the current study of the load-settlement behaviour of the piled raft foundation 

generated by numerical model analysis with the Plaxis results generated by Mali et al. (2018), 

and Ferchat et al. (2021). As it is seen from the figure, load-settlement analysis of present work 

approximately aligns with previous works. Therefore, present numerical study's results are in 

good agreement with those of previous numerical studies. 
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Figure 3.8: Comparison of the current study's results and previous numerical studies on load- 

settlement behaviour of the given soil.   

3.7. Design Consideration 

In Ethiopia, engineers should consider optimizing piled raft foundations in high settlement soils 

by conducting comprehensive geotechnical assessments to evaluate soil characteristics and 

groundwater conditions. This involves employing numerical modeling to tailor pile 

configurations—such as diameter, spacing, and raft thickness—to enhance load distribution and 

minimize settlement effectively. Additionally, selecting durable materials resistant to local 

environmental factors is crucial. Integrating ongoing monitoring systems will enable real-time 

assessment of settlement and structural performance, facilitating timely interventions. 

Ultimately, fostering local expertise through training will empower engineers to confidently 

implement these innovative foundations, ensuring safety and cost-effectiveness in construction. 
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CHAPTER FOUR 

RESULT AND DISCUSSION 

4.1. Introduction 

With PLAXIS 3D, 30 Finite Element Analyses were conducted to analyze the settlement 

behaviour of piled raft foundation in several configurations. The purpose of this study is to verify 

the effectiveness of piled raft foundation and to better understand the settlement behaviour of 

piled raft foundation on layered clayey soil. The effect of parametric studies such as pile space, 

length and raft thickness focuses mainly on the settlement performance of piled raft under heavy 

working loads was executed. This is because foundation design on clayey soil is usually 

governed by settlement rather than bearing capacity criteria, due to its high compressibility 

nature of clay soil (Priebe, 1979). The study considered variables like pile spacing, length, 

number, and raft with a rectangular type and raft thickness.  In order to minimize the storage and 

time required for numerical computations, smaller foundation dimensions were considered in this 

study, along with the general dimensions commonly used by most researchers and standards. 

Figure 4.1 shows an example of pile inclusion along with provided raft considered in the present 

parametric study for different length of pile and their spacing (See Appendix-3).  

 

Figure 4.1: Sample of modeling of piled raft foundation on a given soil 
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Table 4.1 and Table 4.2 summarize the foundation and soil parameters, as well as the geometric 

configurations of the pile-raft model used in the parametric analysis, respectively. A detailed 

result of the analysis is presented in this chapter along with details on the influence of key design 

parameters, analysis of the results of the numerical modelling as well as the discussion of the 

outcomes were presented.  

Table 4.1: Important material properties used for parametric parameter analysis of piled –raft 

system 

Parameters  

Soil 

Property    
Concrete 

Property    

  Soil 1 Soil 2 Pile  Raft  

FE Model Elasto-Plastic Linear Isotropic 

Young’s Modulus, E (MPa) 50 50 25000 25000 

Poisson’s Ratio, 0.45 0.35 0.25 0.25 

Angle of internal friction, Ø’(°) 23.7 28 

  Unit weight, ᵧ,kN/m3 18.3 18.8 25 25 

Cohesion, ’ (kPa) 41.7 23 

  Dilatancy Angle (o) 

    Different geometric configuration of piled raft foundation for parametric analysis is shown in 

table 4.2. For parametric study of a piled raft foundation, the effect of key geometric 

arrangement such spacing of piles, pile length, and raft thickness on settlement should be 

investigated. To realize various raft stiffness level by using common approaches like distribution 

uniform pile, the influence of pile spacing under the raft area, and adjusting pile length-to-

diameter ratios is also significantly considered.  

Table 4.2: Geometric arrangement for piled-raft foundation for parametric study 

Parameters Unit Arrangement and Value 

Raft Width (Br) m 12 

Raft Length (Lr) m 18 

Raft Thickness (Tr) m 2, 2.5 and 3 

Number of Pile  No 24 

Pile Length (Lp) m Lr, 0.8(Lr) and 0.6(Lr) 

Pile Spacing (Sp) m 2(D), 2.5 (D) and 3(D) 

Pile Diameter (Dp) m 1 
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4.1.1. Settlement results using a numerical model by Plaxis 3D at different conditions 

Table 4.3 shows the amount of settlement obtained under various conditions by varying the raft 

thickness, spacing of pile, and pile length using PLAXIS 3D numerical model. 

Table 4.3: Settlement results of piled raft foundation subjected to an applied load of 520.37kPa 

using Plaxis 3D numerical model 

 

 

Raft -Length-Spacing 

Combination(T=Raft 

Thickness, L=Pile Lenth, 

S=Pile Soacing and D=Pile 

Diameter)

Maximum  

Settlement (m)

Minimum   

Settlement (m) 

Positive 

Moment in the 

Short 

Direction (KN-

m/m)

Negative 

Moment in the 

Short 

Direction(KN-

m/m)

Positive 

Moment in 

the Long 

Direction 

(KN-m/m)

Negative 

Moment in 

the Long 

Direction(K

N-m/m)

 Differential 

Settlement(mm)

T2 (2meter raft Thickness) 0.1027 0.0908 3546 -43.66 2055 -60.07 0.0119

T2-L18-S2D 0.07757 0.07548 557.5 -251.5 553.9 -346.5 0.00209

T2-L18-S2.5D 0.07061 0.06717 1223 -88.94 839.8 -80.34 0.00344

T2-L18-S3D 0.06628 0.06038 2748 -153.4 1752 -78.43 0.0059

T2-L14.4-S2D 0.0856 0.08336 766.8 -1.668 681.2 -238.5 0.00224

T2-L14.4-S2.5D 0.08011 0.07456 1427 -2.0 867.3 -119.8 0.00555

T2-L14.4-S3D 0.07518 0.06851 2814 -49.45 1756 -128.8 0.00667

T2-L10.8-S2D 0.09541 0.09182 998.8 -18.3 928.9 -400 0.00359

T2-L10.8-S2.5D 0.0907 0.08401 1815 -5.12 1052 -3.029 0.00669

T2-L10.8-S3D 0.0857 0.07804 3048 -124.8 1790 -119.4 0.00766

T2.5 (2.5m Raft thickness) 0.105 0.09553 3832 -55.69 2149 -66.45 0.00947

T2.5-L18-S2D 0.07999 0.07830 554.1 -279.9 567.1 -379.3 0.00169

T2.5-L18-S2.5D 0.07255 0.07002 1345 -81.07 855.2 -86.56 0.00253

T2.5-L18-S3D 0.06711 0.06318 3137 -110.3 1851 -64.88 0.00393

T2.5-L14.4-S2D 0.0881 0.08647 805.8 -0.7803 701.2 -266.1 0.00158

T2.5-L14.4-S2.5D 0.08223 0.0778 1568 6.366 896.9 -121.1 0.00443

T2.5-L14.4-S3D 0.0765 0.07203 3182 -7.850 1845 -117.6 0.0045

T2.5-L10.8-S2D 0.09795 0.09512 1066 -15.32 966.3 4.541 0.00283

T2.5-L10.8-S2.5D 0.09304 0.08777 1984 -7.383 1089 2.867 0.00527

T2.5-L10.8-S3D 0.08748 0.08192 3436 -76.63 1883 -109.2 0.00556

T3 (3m Raft Thickness) 0.1078 0.09932 4001 -64.23 2181 -70.01 0.00848

T3-L18-S2D 0.08252 0.08101 554.7 -305.8 586.1 -411.8 0.00151

T3-L18-S2.5D 0.07464 0.07258 1401 -88.49 870 -96.03 0.00206

T3-L18-S3D 0.06834 0.06546 3379 -85.66 1911 -52.62 0.00288

T3-L14.4-S2D 0.09066 0.08937 814.5 -4.183 718.8 -295.6 0.00129

T3-L14.4-S2.5D 0.08458 0.08071 1624 7.576 910.6 -127.1 0.00387

T3-L14.4-S3D 0.07836 0.0749 3408 -3.066 1898 -110.5 0.00346

T3-L10.8-S2D 0.1008 0.09835 1092 -18.45 993.4 7.456 0.00245

T3-L10.8-S2.5D 0.09554 0.09094 2038 -8.221 1116 2.629 0.0046

T3-L10.8-S3D 0.08968 0.08511 3669 -49.02 1936 -102 0.00457
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4.2. Observations about un-piled rafts behaviour  

Unpiled raft foundation is used as a baseline for comparison during designing piled raft 

foundations.  Therefore, to analyse raft with different thickness without piling 18m by 12m 

rectangular raft is situated on a layered soil profile at the site. The subsoil, observed from 

geotechnical investigation report, consists of a 25m-thick top layer of medium to very stiff high-

plastic silty clay and a subsequent layer of medium-dense to very-dense silty sand extending 

downward. For designing unpiled raft foundation, the thickness of the raft spreads the entire 

building load over a large area to reduce ground pressure, which is an important parameter to 

consider. Furthermore, the flexibility or stiffness nature of raft can determine the behaviour of 

piled raft foundation.  The present study assessed the raft's stiffness and flexibility using 

Viggiani's (2001) raft-to-soil stiffness ratio. And the equation for raft to soil stiffness ration is as 

shown below: 

    
     (    

 )

     (    
 )
 
  
 

  
 ………………………………………………………………………4.1 

Where:  Er   is Young’s modulus of the raft; vs is the Poisson’s ratio of soil; Es is Young’s modulus 

of soil, vr   is the Poisson’s ratio of the raft; Br is the width of the raft, and tr is raft thickness. The 

soil-to-raft stiffness ratio equation indicates that as raft thickness increases, so does the raft-to 

soil stiffness ratio. The result of Viggiani (2001) indicated that Krs values of 0.001 indicate 

perfect flexibility, 0.001 to 1 indicate intermediate flexibility, and 1 indicates perfect stiffness 

respectively. For the present study result of raft-soil stiff ness ratio (Krs) for raft thickness of 2m, 

2.5m and 3m were as shown below. 

Table 4.4: Calculated Stiffness values for different raft thickness 

Raft thickness 

(m) 

Raft-to-soil stiffness 

ratio (Krs) 

2m 2.6996 

2.5m 5.272 

3m 9.114 

  

As it is seen from Table 4.4 the calculated Krs values for raft thicknesses of 2m, 2.5, and 3 m are 

2.6996, 5.272, and 9.114 respectively. The raft with a thickness of 2m is relatively more flexible 

compared to the other thicknesses. Therefore, for all raft thicknesses since values of raft-to-soil 

https://www.google.com/search?sca_esv=99ccd84969507416&cs=0&sxsrf=AE3TifN_fLOt3Kxccli9a4CYQ_drLtoxbw%3A1757147885702&q=piled+raft+foundations&sa=X&ved=2ahUKEwju5JX83cOPAxVOTqQEHUqJKaYQxccNegQIBBAB&mstk=AUtExfAzkjLJvR5yqksJuVVDX0_Ks5K1swNKTptcMj8mNtQreBSo5ZGy3peXXePuTIjzZoiUIHyhu9jkgqvborozHb6Hy7n_QKRJfGDiAU266T-D0_pq0po0STl_9nbkt_cu04VTWhLc0Xw0hq5kfXIJi6_rxYksI-OauPoZVcYNXFV__dIWMnEdmKxhyJD1ZSUp4X1cxYuR4EEkztr97637et4_jFu22T6td6wXOJ2jC9kMLy2m3yxOnGkhGdLqePUNQYnlCxVAcT60z-tpDUXLl1LW&csui=3
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are greater than one, the raft for study is classified as a perfect stiff material in which the 

obtained result is in agreement with the research conducted by Mali & Singh (2018).  This is due 

to that a thicker raft has more structural rigidity and can distribute loads over larger area of the 

underlying soil or pile. Thus, settlement becomes reduced and improved stability is 

achieved.   As Ramchandra (2020) points out, increasing the raft thickness reduces the load on 

individual piles and helps equalize settlement across the whole structure by increasing resistance 

to bending.  

Similarly, in this study the effect of 520.37kPa application of a uniform load distribution and 

utilization of raft without pile having a thickness of 2m, 2.5m and 3m were examined. Figure 4.2 

shows plaxis 3D numerical results for maximum and differential settlement of unpiled raft 

foundation with a raft thickness of 2m, 2.5m and 3m respectively. The result from Figure 4.2 

shows that for the unpiled raft with a thickness of 2m, 2.5m and 3m values of maximum 

settlement increased to 102.7mm, 105mm and 107.8mm respectively.  This is caused by the 

thickness of the raft incrementing, which increases its self-weight, adding more loads to the soil. 

Conversely, during raft thickness increment values of differential settlement become decreased 

to 11.9mm, 9.47mm and 8.48mm respectively.  

Mali et al. (2020) found that as increasing raft thickness total and differential settlement would 

significantly decreased.  This can be attributed from increased raft thickness by providing greater 

stiffness and a more uniform load distribution across the soil, thereby resisting compression more 

effectively. Therefore, a thicker raft can withstand vertical loads and reduce the potential for 

differential settlement, which is essential for the stability and safety of the structure (Mali et al, 

2020). However, excessive thickness can lead to a constant settlement values once a certain limit 

is reached and can significantly increase the unpiled raft self- weight, which may contribute to an 

increase in total settlement. Therefore, the thickness of the raft must be carefully considered to 

ensure a balance between maximum vertical settlement and differential settlement, as well as the 

overall stability of the structure. 
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Figure 4.2: Maximum and Differential settlements against raft thickness 

4.3. Effect of load increment on piled and un-piled raft system on maximum settlement 

Bralović et al. (2022) stated that under increasing applied loads, a piled raft foundation settles 

according to its load-settlement relationship, which is affected by the raft and pile load sharing. 

Initially, the piles carry most of the load and limit settlement. But as the applied load increases, 

the raft takes on a larger share of the load. They concluded that, final settlement of piled and 

unpiled raft system is influenced by several factors such as pile spacing, length, and soil 

properties. Therefore in this study effect of load increment on piled and unpiled raft system on 

maximum settlement were investigated. Figure 4.3 shows values of maximum settlement for 

piled and unpiled raft system against the applied loads. 

 

 

Figure 4.3: Maximum settlement versus applied load for piled and un-plied raft system 
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As it can be seen from figure 4.3, during the raft is subjected under 520.37kPa, 1040kPa, 

1560kPa and 2080kPa load application, results maximum settlements values of 102.7mm, 

176.8mm, 378.8mm, and 656.9mm in case of un-piled raft system, and 66.28mm, 275.7mm, 

552mm, and 1540mm for piled raft system respectively.  

When the load increased from 520.37kPa to 1040kPa by 50% the settlement experienced about 

165.45% increment for piled raft system and 168.45% for un-piled raft system respectively. 

Upon doubling the load to 1560kPa, the settlement increased by 437.48% (unpiled) and 471.5% 

(piled). The figure illustrates that, for unpiled foundation, as vertical load increases, maximum 

settlement increases extremely. The curve for unpiled raft foundation shows a steep decline, 

indicating that unpiled raft foundations experience substantial settlement under higher loads. 

Whereas, for piled raft foundation the maximum settlement for piled raft foundations also 

increases with vertical load, but at a much slower rate compared to unpiled foundations and the 

curve is flatter, suggesting that piled foundations provide better load-bearing capacity and result 

in less settlement under similar loading conditions. 

Moreover, when the load increases values of settlement for both piled and unpiled raft systems 

were extremely increased as presented on Figure 4.3. This occurs due to soil particle 

compression when a load is applied to the soil surface. The vertical pressure increases, pushing 

the soil particles closer together and causing the overall volume of the soil beneath the raft to 

decrease, which leads to gradual settlement. Therefore, as the load on the raft increases, the soil 

experiences more compression, resulting in a higher rate of settlement. From figure 4.4, 

comparing the unpiled raft system with the piled raft foundation shows greater load-bearing 

capacity and reduced settlement, with the load versus settlement distribution being more 

uniform. 

4.4. Effect of raft thickness of piled raft system on maximum and differential settlement  

This study examined the influence of raft thickness on the settlement reduction capability of 

piled raft system. To achieve three different raft thicknesses, namely 2m, 2.5m, and 3m were 

used during numerical modeling. The piles had a fixed length of 18 m, with pile diameter of 1m 

respectively, under 520.37 kPa axial load application. Table 4.5 presents values of maximum and 

differential settlement for piled raft system against the applied loads. By varying parameters like 

raft thickness and pile length though taking other as a constant, a comprehensive evaluation of 
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maximum settlement and differential settlement of piled rafts were carried out, as displayed in 

Table 4.5. 

Table 4.5: Values of maximum and differential settlement against raft thickness 

Raft 

Thickness 

(m) 

Maximum Settlement 

(mm) 

Differential Settlement 

(mm) 

Pile Spacing(2D) Pile Spacing(2D) 

L=18m L=14.4m 10.8m L=18m L=14.4m 10.8m 

2 77.57 85.6 95.41 2.09 2.24 3.59 

2.5 79.99 88.1 97.95 1.69 1.58 2.83 

3 82.52 90.66 100.8 1.51 1.29 2.45 

Raft 

Thickness 

(m) 

Maximum Settlement 

(mm) 

Differential Settlement 

(mm) 

Pile Spacing(2.5D) Pile Spacing(2.5D) 

L=18m L=14.4m 10.8m L=18m L=14.4m 10.8m 

2 70.61 80.11 90.7 3.44 5.55 6.69 

2.5 72.55 82.23 93.04 2.53 4.43 5.27 

3 74.64 84.58 95.54 2.06 3.87 4.6 

Raft 

Thickness 

(m) 

Maximum Settlement 

(mm) 

Differential Settlement 

(mm) 

Pile Spacing(3D) Pile Spacing(3D) 

L=18m L=14.4m 10.8m L=18m L=14.4m 10.8m 

2 66.28 75.18 85.7 5.9 6.67 7.77 

2.5 67.11 76.5 87.48 3.93 4.5 5.56 

3 68.34 78.36 89.68 2.88 3.46 4.57 

Figure 4.4 shows numerical results for the maximum and differential settlement of the piled raft 

system. From the figure, it can be observed that the values of maximum settlement increase 

when the raft thickness increases. Conversely, values of differential settlement were considerably 

reduced when the raft thickness increased. As it can be seen from Figure 4.4(a) when raft 

thickness increased from 2m to 2.5m and 3m while taking pile length as 18m then values of 

maximum settlement were increased from 66.28mm to 67.11mm and 68.34mm for 3D pile 

spacing, from 60.61mm to 72.55 and 74.64mm for 2.5D pile spacing and from 77.57mm to 

79.99mm and   82.52mm for 2D pile spacing respectively. Conversely, by realizing from Figure 

4.4(b), values of differential settlements were considerably reduced from 5.9mm to 3.93mm and 

2.88mm for 3D pile spacing, from 3.44mm to 2.53mm and 2.06mm for 2.5D pile spacing, and 

from 2.09mm to 1.69mm and 1.51mm for 2D pile spacing, respectively.  
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a) Maximum settlement Vs Raft thickness           b) differential settlement Vs Raft thickness 

Figure 4.4: Settlement vs raft thickness of 18m pile length at various raft thickness 

Similarly, Figure 4.5 presents numerical result for the maximum and differential settlement of 

the piled raft system for 14.4m pile length. It can be observed from the figure that maximum 

settlement values increase as the raft thickness increases. Conversely, differential settlement 

values decrease significantly with increasing raft thickness. As shown in Figure 4.5(a), when the 

raft thickness increases from 2m to 2.5m and 3m while keeping the pile length at 14.4m, the 

maximum settlement values increase from 75.18mm to 76.5mm and 78.36mm for 3D pile 

spacing, from 80.11mm to 82.23mm and 84.58mm for 2.5D pile spacing, and from 85.6mm to 

88.1mm and 90.66mm for 2D pile spacing. Conversely, as seen in Figure 4.5(b), differential 

settlement values decrease substantially from 6.67mm to 4.5mm and 3.46mm for 3D pile 

spacing, from 5.5mm to 4.43mm and 3.87mm for 2.5D pile spacing, and from 2.24mm to 

1.58mm and 1.29mm for 2D pile spacing, respectively. 

 

 

 

 

 

 

 

 

a) Maximum settlement Vs Raft thickness           b) differential settlement Vs Raft thickness 

Figure 4.5: Settlement vs raft thickness of 14.4m pile length at various raft thickness 
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Moreover, Figure 4.6 presents numerical result for the maximum and differential settlement of 

the piled raft system for 10.8m pile length. From figure it can be clearly seen that similar trend 

were observed for maximum and differential settlement values. From Figure 4.6(a), when the raft 

thickness increases from 2m to 2.5m and 3m while keeping the pile length at 10.8m, the 

maximum settlement value increased from 85.7mm to 87.48mm and 89.68mm for 3D pile 

spacing, from 90.7mm to 93.04mm and 95.54mm for 2.5D pile spacing, and from 95.41mm to 

97.95mm and 100.8mm for 2D pile spacing. On the contrary, from Figure 4.6(b), differential 

settlement values decrease considerably from 7.77mm to 5.56mm and 4.57mm for 3D pile 

spacing, from 6.69mm to 5.56mm and4.57mm for 2.5D pile spacing, and from 3.59mm to 

2.83mm and 2.45mm for 2D pile spacing, respectively.  

In general it can be concluded that when raft thickness increased for piled raft system then 

settlement value become increased on the  contrary, differential settlement were reduced 

significantly. The reason for settlement increment when raft thickness increases is that thicker 

rafts have a larger area and more volume, leading to more contact with the soil and a greater 

capacity to deform the soil during load transfer from raft to soil with the help of pile interaction.  

Conversely, when the raft thickness increases, the piled raft system becomes more rigid with 

higher values of relative stiffness. These enable the raft to distribute the concentrated load from 

the superstructure to piles and underlying soil, making the settlement uniform. For this reason, 

differential settlement decreases significantly when the raft thickness is increased for the piled 

raft system.  

In a piled raft system, Ezz-Eldeen et al. (2024) reported that the average settlement increases 

with increased raft thickness, but differential settlement is significantly reduced. In addition, the 

study found that the stiffer, thicker raft distributed loads more evenly across the piles and soil, 

resulting in a more uniform deformation profile. It was concluded that the stiffer and more 

equally distributed raft minimized differential settlement.  
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a) Maximum settlement Vs Raft thickness           b) differential settlement Vs Raft thickness 

Figure 4.6: Maximum and differential settlement vs raft thickness of 10.8m pile length at 

various raft thickness 

4.5. Effect of pile spacing on settlement reduction for piled raft foundation system 

In this study detailed analysis of the effects of pile spacing on piled rafts system was examined. 

The models employed three different pile spacing’s along the shorter side of the rectangular raft, 

specifically 2D, 2.5D, and 3D, while the longer side had a spacing of 1.5 times that of the shorter 

side. The piles were 18 meters long, with a diameter of 1 meters and a 2m raft thickness, and 

were subjected to an applied load of 520.37Kpa. Based on table 4.6, a comprehensive analysis of 

the maximum settlement, differential settlement, and maximum bending moment of piled rafts 

with varying pile spacing was carried out.  

Table 4.6: Maximum and differential settlement values against pile spacing 

pile 

spacing 

(D=1m) 

Maximum Settlement 

(mm) 

Differential Settlement 

(mm) 

pile length =18m 

T=2m T=2.5m T=3m T=2m T=2.5m T=3m 

2 77.57 79.99 82.52 2.09 1.69 1.51 

2.5 70.61 72.55 74.64 3.44 2.53 2.66 

3 66.28 67.11 68.34 5.9 3.93 2.88 

The numerical results for piled raft settlement for using different pile spacing are shown in 

Figure 4.7. As can be seen in Figure 4.7, the maximum settlement values decreased significantly 

with increased pile spacing.  From Figure 4.7, when pile spacing is increased from 2D to 2.5D 

and 3D while taking the pile length as 18m, the maximum settlement values decrease from 

77.57mm to 70.61mm and 66.28mm, decreasing the settlement by 17.03% at 3D pile spacing for 
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a 2m raft thickness, from 79.99mm to 72.55mm and 67.11mm, decreasing the settlement by 

19.19% at 3D pile spacing for 2.5m raft thickness and from 82.52mm to 74.64mm 

and   68.34mm, decreasing the settlement by 20.75% at 3D pile spacing for 3m raft thickness 

respectively.   

It is evident that for any number of piles, the maximum settlement decreases as the pile spacing 

increases, as revealed in Figure 4.7. Mali et al. (2020) found that when the pile spacing increases 

with a given number of piles, the width of the pile group (Bg) also increases, resulting in an 

expanded area covered by the piles (Ag). As the area covered by the piles (Ag) increases, they 

become more evenly distributed beneath the entire area of the raft (Ar), leading to a decrease in 

the maximum settlement of the pile-raft system. Furthermore, they found that with lower pile 

spacing, piles tended to concentrate toward the center of the raft, despite the load being 

distributed evenly across the raft. Accordingly, the maximum settlement was larger for lower 

pile spacing compared to larger pile spacing (Mali et al., 2020).  In a piled raft foundation, El-

Samny et al. (2020) found that increasing pile spacing generally decreases settlement, increases 

the load carried by the raft, and reduces the load on individual piles. A closer spacing (e.g., 2D-

3D) results in a more uniform distribution of load among piles, whereas a wider spacing (e.g., 

4D-4.5D) causes the raft to carry a larger percentage of the total load and reduce settlement more 

effectively and they concluded that a large spacing of pile, however, can reduce the benefit of 

pile systems (Oh et al. 2009 and El-Samny et al. 2020).  

 

Figure 4.7: Effect of pile spacing on maximum settlement 
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According to Suro et al. (2016), pile spacing impacts pile raft settlement, with optimal spacing 

(often 3-times pile diameter) minimizing settlement by balancing individual pile support and 

group interaction. In addition, they suggested that too little spacing can result in increased 

settlement due to reduced soil compaction and result in decreased in differential settlement due 

to increased pile group effects. Whereas, too much spacing (> 4D) can also result in greater 

settlement as fewer piles share the load, causing less combined raft-soil-pile interaction, while 

too little pile spacing can (Oh et al. 2009).   

From Figure 4.8, when pile spacing is increased from 2D to 2.5D and 3D while taking the pile 

length and pile diameter (D) as 18m and 1m, values of differential settlement were increased 

from 2.09mm to 3.44mm and 5.9mm, increasing the settlement by 182.29% at 3D pile spacing 

for a 2m raft thickness, from 1.69mm to 2.53mm and 2.66mm, increasing the settlement by 

57.39% at 3D pile spacing for 2.5m raft thickness and from 1.51mm to 2.66mm and   2.88mm, 

increasing the settlement by 90.73% at 3D pile spacing for 3m raft thickness respectively.  Based 

on the results presented in Figure 4.9, differential settlement values demonstrate a clear trend as 

pile spacing increases. Interestingly, the trend is opposite to the maximum settlement trend. It 

can be observed that for 2m, 2.5m and 3m raft thickness, the differential settlement increases as 

the pile spacing increases.  In the case of increased pile spacing, the piles tend to move away 

from the center of the raft, leading to an increase in the pile group area (Ag) and a subsequent 

decrease in the central settlement of the raft. As a result, the piles start behaving as individual 

elements rather than a cohesive group. This causes edge piles to experience less load compared 

to the center piles, leading to an uneven distribution of load and an increase in differential 

settlement (Biya et al. 2023, Mali et al., 2020).  To examine the behavior of piled raft 

foundations in stiff clay, Mali and Singh (2018) applied the 3D finite element method. And they 

found that as the spacing of the piles increases up to a certain value, differential settlement 

decreases, and then increases. Therefore, the optimal pile spacing for the piled raft system could 

be decisive. If the spacing is beyond the optimal, the piles become less effective as a group, and 

the load is distributed less efficiently, results to increased bending moments in the raft and 

consequently an increase in differential settlement. The researchers recommended a pile spacing 

of 2D-3D (Maharaj et al, 2004, Oh et al, 2009). 
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Figure 4.8: Effect of pile spacing on differential settlement 

4.6. Effect of Pile Spacing on Bending Moment of Piled Raft Foundation 

The bending moment (M) developed in the raft foundations are considered as crucial entity for 

reinforcement design of piled raft foundation.  According to Poulos (2001b), maximum bending 

moments in the raft should be considered when designing a piled raft system. He also reported 

that the maximum bending moment in the raft increases with increases in raft thickness.  

Hakro et al. (2022) found that unpiled rafts experience sagging moments caused by soil 

settlement, while piled rafts can also experience hogging moments at the piles because their 

upward reaction force supports the raft locally, inverting the curvature and causing tension at 

specific points on the top surface. The numerical results for piled raft positive and negative 

bending moment for using different pile spacing are shown in Figure 4.9. 
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a) Pile spacing Vs  maximum positive bending moment for different raft thickness 

 

b) Pile spacing Vs  maximum positive bending moment for different raft thickness 

Figure 4.9: Effect of pile spacing on the maximum bending moment for different raft thickness 
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From figure 4.9, whereas taking pile length and pile diameter with constant values of 18m and 

1m respectively, for 2m and 2.5m raft thickness the maximum negative moment along the short 

(X-direction) decreases initially as the pile spacing increases from 2D to 2.5D, then increases 

when the pile spacing increases from 2.5D to 3D. On the other hand, for 3m raft thickness, and 

3D pile spacing along the short direction and also for 2m, 2.5m and 3m raft thickness in the long 

(Y-direction) maximum negative moment is continuously decreased when the pile spacing 

increases from 2D, 2.5D and 3D respectively.  

Generally, as the thickness of the raft of a piled raft foundation increased from 2.5m to 3m for 

2.5D and 3D pile spacing, the maximum negative moment in the short direction become 

increased. This is because thicker, stiffer rafts can less deform and accommodate load 

distribution, leading to greater bending moments and higher localized stresses, particularly in 

situations where negative curvature is caused by external loads or settlements. There is, however, 

a limit thickness where this effect may diminish, as the raft behaves more rigidly and moments 

remain constant (Kumar et al. 2020).  When pile spacing increases, negative bending moments 

decrease, probably because as pile spacing increases, grouped pile width also increases, 

impacting the negative bending moments (biya et al. 2023).  

Additionally, when pile spacing increases with the raft thickness increment, the maximum 

positive bending moment is increased. According to El-Samny et al. (2020), increasing pile 

spacing in a piled raft foundation increases positive bending moments. In addition, they 

explained that a wider pile spacing results in less support from the piles, causing the raft to bear a 

larger portion of the load directly, causing greater bending of the structure. With the increase in 

pile spacing from 2D to 2.5D and 3D, more raft-soil interaction occurs, which helps distribute 

the load. Despite this, this can also increase the load on the raft and result in a greater bending 

moment in the structure (Malviya et al., 2024).   

4.7. Effect of Pile Length on Maximum and Differential Settlement of Piled Raft 

Foundation 

In this study detailed analysis of the effects of pile length on piled rafts system was carriedout. 

The models employed three different pile length specifically 18m, 14.4m, and 10.8. The piles 

were 2D, 2.5D and 3D spaced. To analyze pile length effect 2m raft thickness were considered, 

and piled raft foundation were subjected to an applied load of 520.37Kpa. Based on table 4.7, a 
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comprehensive analysis of the maximum settlement and differential settlement of piled rafts with 

varying pile spacing was carried out. 

Table 4.7: Values of maximum and differential settlement against pile length 

Pile 

Length 

(m) 

Raft Thickness=2m 

Maximum Settlement 

(mm) 

Differential Settlement 

(mm) 

S=2D S=2.5D S=3D S=2D S=2.5D S=3D 

18 77.57 70.61 66.28 2.09 3.44 5.9 

14.4 86.6 80.11 75.18 2.24 5.55 6.67 

10.8 95.41 90.7 85.7 3.59 6.69 7.66 

 

From Figure 4.10, when pile length is increased from 10.8m to 14.4m and 18 while taking the 

raft thickness and pile diameter (D) as 2m and 1m respectively, values of maximum settlement 

were decreased from 95.41mm to 86.6mm and 77.57mm, decreasing the settlement by 18.6% at 

18m pile length for S=2D pile spacing, from 90.7mm to 80.11mm and 70.61mm, decreasing the 

settlement by 22.15% at 18m pile length for S=2.5D pile spacing and from 85.7mm to 75.18mm 

and 66.28mm, decreasing the settlement by 22.67% at 18m pile length for S=3D pile spacing 

respectively.  According to the results, maximum settlement is significantly increased when pile 

length is reduced. Consequently, this is due to the pile length's insufficiency to reach stronger 

strata. A shorter pile can result in increased settlement when compared to a longer pile that 

effectively transfers load to more stable soil (Drill Master, 2024).    

Furthermore, if the pile is too short, its skin friction capacity may not be fully mobilized, and the 

end-bearing contribution may be limited. As a result, the pile capacity is reduced, and a greater 

portion of the load is carried by the raft and soil surrounding it, resulting in increased 

settlement.  In their study, O'Brien et al. (2012) found that when piles are shorter, the raft bears 

more of the total load. As a result of this increased stress concentration on the raft, the raft can 

experience greater bending moments and shear forces. Therefore, when pile length is reduced 

then settlements increased.   

According to Kacprzak et al. (2025), the behavior of a piled raft foundation is highly dependent 

on the interaction between the piles and the surrounding soil. When piles are shorter, they may 

not interact with the soil effectively, resulting in a less rigid foundation system and a greater 

likelihood of settlement. Soil type also affects pile length's effect on settlement. Longer piles 
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reduce settlement in soft clay or loose sand by transferring loads to deeper, more stable layers. 

Shorter piles may be sufficient to provide adequate support in stiffer soils, though the benefit of 

increasing pile length may be less pronounced (Basha et al., 2022). 

 

Figure 4.10: Effect of pile length on maximum settlement 

From Figure 4.11, when pile length is increased from 10.8m to 14.4m and 18 values of 

differential settlement were decreased from 3.59mm to 2.24mm and 2.09mm, decreasing the 

settlement by 41.78% at 18m pile length for S=2D pile spacing, from 6.69mm to 5.55mm and 

3.44mm, decreasing the settlement by 48.58% at 18m pile length for S=2.5D pile spacing and 

from 7.66mm to 6.67mm and 5.9mm, decreasing the settlement by 22.97% at 18m pile length for 

S=3D pile spacing respectively.  

 

Figure 4.11: Effect of pile length on differential settlement values 
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As can be seen from Figure 4.11, differential settlement increases with decreasing pile length. As 

pile length decreases, piles are less able to transfer loads to deeper, stable soil layers, increasing 

stress on rafts and surrounding soil. As a result of this uneven distribution of stress, the 

foundation settles at a greater differential settlement. 

4.8. Effect of Pile length on Bending Moment of Piled Raft Foundation 

Table 4.8: Bending moment values against pile length 

Maximum bending moment(KNM/M), raft thickness =2m 

  Pile 

length(m) 
S=2D S=2.5D S=3D 

  

  

Negative  moment 

  

 m11 m22 m11 m22 m11 m22 

18 -251.5 -346.5 -88.94 -80.34 -153.4 -78.43 

14.4 -1.668 -238.5 -2 -119.8 -49.45 -128.8 

10.8 -18.3 -400.55 -5.12 -3.03 -124.8 -119.4 

  

Positive moment 

  

18 557.5 553.9 1223 839.8 2748 1752 

14.4 766.8 681.2 1427 867.3 2814 1756 

10.8 998.8 928.9 1815 1052 3048 1790 

From figure 4.12, whereas taking raft thickness and pile diameter with constant values of 2m and 

1m respectively, for S=2D, S=2.5D and S=3D pile spacing the maximum positive moment along 

both short and long axis (X and Y-direction) increased when the pile length is decreased from 

18m to 14.4m and 10.8m respectively. From the result it can be concluded that as the pile length 

is become reduced then values of maximum positive moments were increased. In a piled raft 

foundation, decreasing pile length can increase the positive bending moment within both the pile 

and the raft. There are several reasons for this, such as when piles are shorter, they may not reach 

as deep into competent soil layers, which mean the raft must carry a larger proportion of the 

load, so positive bending moments are greatly increased. Asefa et al. (2022) stated that when the 

pile length is decreased, the shorter piles offer less resistance to deformation, which can lead to a 

less uniform distribution of the load and less soil contact for friction.  Therefore, the piles 

are more prone to bending from raft loads and can create differential settlement, increasing stress 

and bending moments within the pile group and the connected raft. Moreover, Hoang et al. 

(2024) found that when pile length is decreased, piles are more sensitive to variations in soil 

properties, leading to differential settlement and higher bending moments.  
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Figure 4.12: Effect of pile length on positive and negative bending moment 
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decrease in negative bending moments initially due to increased load distribution to the raft. 

However, as differential settlement occurs and positive bending moments rise, negative moments 

can subsequently increase, reflecting the complex interplay between load distribution, raft 

flexibility, and soil interaction. Understanding these dynamics is crucial for effective design and 

analysis. 
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Chapter 5  

Conclusion and Recommendation 

5.1. Conclusion 

In challenging soil environments and complex loading conditions, piled raft foundations are a 

preferred choice for many civil engineering projects. In this study, the load-settlement response 

of piled raft foundations was studied using numerical methods such as PLAXIS 3D, considering 

parameters such as raft thickness, pile spacing, and pile length. During study, a comprehensive 

parametric study using numerical methods and detailed structural analysis are essential to ensure 

that the chosen pile spacing; pile length and raft thickness effectively minimizes settlement and 

provides adequate support for the structure. Based on the observations presented in this paper, 

the following conclusions can be drawn: 

 For unpiled raft foundation when the raft thickness increases from 2m to 2.5m and 3m, 

then values of maximum settlement were increased from 102.7mm to 105mm and 

107.8mm. Conversely, values of differential settlement were reduced from 11.9mm to 

9.47mm and 8.47mm, reduced by 28.8% for 3m raft thickness respectively. This 

indicates that greater raft thickness enhances overall stability by minimizing differential 

settlement despite a marginal increase in total settlement. 

 Figure 4.4 illustrates that at lower loads, both foundations experience settlement, but 

piled raft foundations exhibit significantly lower maximum settlement values. As the load 

increases, the gap between the curves widens, demonstrating the effectiveness of piled 

raft foundations in managing higher loads with reduced settlement. Overall, this indicates 

that piled raft foundations are superior for heavy structures. 

 When the unpiled raft foundation is piled with 18m pile lengths, a 1m pile diameter, and 

3m pile spacing, the maximum settlement values are reduced from 102.7mm, 105mm, 

and 107.8mm to 66.28mm, 67.11mm, and 68.34mm for raft thicknesses of 2m, 2.5m, and 

3m. Similarly, differential settlement also reduced from 11.9mm, 9.47mm and 8.47mm to 

5.9mm, 3.93mm and 2.88mm. Piling the unpiled raft foundation significantly reduces 

maximum settlement, with reductions of 34.46%, 36.08% and 36.67% across raft 

thicknesses of 2m, 2.5m, and 3m.  
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 When pile spacing is increased from 2D to 2.5D and 3D, while maintaining a pile length 

of 18m, the maximum settlement values decrease from 77.57mm to 70.61mm and 

66.28mm, resulting in a 17.03% reduction in settlement at 3D pile spacing for a 2m raft 

thickness. Conversely, the values of differential settlement increase from 2.09mm to 

3.44mm and 5.9mm, representing an increase of 182.29% at 3D pile spacing. Increasing 

pile spacing reduces maximum settlement significantly, while differential settlement 

increases substantially. 

 The study shows that pile spacing and raft thickness significantly impact bending 

moments in piled raft foundations. Initially, increasing spacing reduces maximum 

negative moments, but a larger raft thickness raises them. Additionally, wider spacing 

increases positive moments due to decreased pile support.  

 Increasing the pile length from 10.8m to 14.4m and then to 18m, while keeping the raft 

thickness at 2m and pile diameter at 1m, reduces maximum settlement from 95.41mm to 

86.6mm and 77.57mm. This results in an 18.6% decrease in settlement at 18m pile length 

for 2D pile spacing. Similarly, differential settlement decreased from 3.59mm to 2.24mm 

and then to 2.09mm, resulting in a reduction of 41.78%. Longer pile lengths significantly 

reduce both maximum and differential settlement values. 

 Decreasing pile length in a piled raft foundation increases positive bending moments 

while initially reducing negative moments. As shorter piles provide less support and 

adaptability to soil variations, this can lead to differential settlement and eventual 

increases in negative moments. Understanding these interactions is essential for effective 

structural design and analysis.  

5.2. Recommendation 

 The study primarily focuses on numerical analysis; however, conducting laboratory 

experiments to validate the numerical results obtained from PLAXIS 3D using various 

soil types and loading conditions could also be explored. 

 To enhance the understanding of piled raft foundations under complex loading patterns, 

such as eccentric and lateral loads, it is recommended to conduct additional numerical 

simulations. 
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 Due to time constraints, this study assumes pile diameter and pile number as a constant. 

However, it is recommended to investigate the effects of these parameters by varying 

them during numerical analysis.  

 Future research should include a cost comparison of piled raft foundations with un-piled 

rafts and piles alone. 
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Appendix-1: Load calculation from ETABS for 3B +35 building (wall Supported) 
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Figure: Modelling the ECX 3B+G+35 office building using ETABS 
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Appendix-2: Geotechnical Investigation Report 
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Correlation equation for cohesion (C), angle of internal friction (f), and Poisson’s ratio (ν) using 

SPT N value (R. Kumar et al., 2016).   

 C =  -2.2049 +  6.484N         N = 2 - 30        (Cohesive soil)       

 C =  - 16.5 +  2.15N               N = 10 - 30     (Intermediate soil)  

 f = 7N                                     for N<=4                                                            

 f =  27.12 +  0.2857N             for N=4 to 50 

 ν =  0.2 +  0.01N                    N= 0 - 20          loose granular soil   

 ν =  0.2 +  0.005N                  N= 20 - 50       dense granular soil  

 ν =  0.15 +  0.0167N             N= 0 - 6            Soft Clay     

 ν =  0.125 +  0.0125N           N= 6 - 30          stiff clay 

A soil whose sand content is from 50% to 80%, or coral-mixed soil, is classified as typical 

intermediate soil (Tsuchida et al., 2020). 
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Figure: Coefficient K versus L/d, 𝛅 = 0.8   (Coyle & Castello, 1981) 

Table: Base resistance and skin resistance value for this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

L D L/D C $ # @ NC NQ Ab P TAN@ KS Q' Q'' Qb Qf

18 1 18 41.7 23.7 90 18.96 10.95 20.495 0.785 3.14 0.343359349 0.65 306.837 163.182 5295.012862 114.3573633

14.4 1 14.4 41.7 23.7 90 18.96 10.95 20.495 0.785 3.14 0.343359349 0.7 240.957 130.242 4235.097541 98.29413876

10.8 1 10.8 41.7 23.7 90 18.96 10.95 20.495 0.785 3.14 0.343359349 0.8 175.077 97.302 3175.18222 83.9247931
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Appendix -3: Plaxis 3D Modeilng and Results 

 

 

  

4 by 6 pile modeling at 3D pile 

spacing, Pile Modeling 

Piled Raft Modeling 

Meshing 



 
 97 

 

 

 

 

Deformations 



 
 98 

 

 

 

 

 

 
 


