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Abstract 

 

Settlement of a semi-infinite, homogenous soil stratum due to various loading types 

and shapes is readily available in literature. However, ground profile is seldom 

homogenous and typically consists of layered soils. Authors have often come across 

ground profiles consisting of layered soils underlain by a rock stratum. This study 

deals with the immediate settlement of a two-layered soil system due to loading on a 

rectangular area. Elastic analysis is performed using finite elements for a wide range 

of geometric and soil properties. The settlement of a shallow footing depends on 

various other factors like shape of the footing, depth of embedment and rigidity of 

the footing apart from the load on the footing. Influence factors are introduced to 

include the effects of the factors influencing the settlement. The influences of the 

factors are studied independent of the other influencing factors. Design engineers 

can use the settlement influence factors proposed in the form of charts to estimate 

the settlement at the centre of the loading. In addition, the settlement profiles in both 

x and y directions are also presented. The results from the study showed good 

agreement with the validation studies done by various researchers as discussed in 

each chapter. 
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Nomenclature 

 

L - Length of the rectangular footing, m 

B - Breadth of the rectangular footing, m 

E1 - Modulus of elasticity of the top layer, MPa 

E2 - Modulus of elasticity of the top layer, MPa 

H1 - Thickness of the top layer, m 

H2 - Thickness of the bottom layer, m 

D - Depth of embedment, m 

υ1 - Poisson’s ratio of the top layer (no unit) 

υ2 - Poisson’s ratio of the bottom layer (no unit) 

ρ - Settlement of the rectangular footing, m 

Iρ - Settlement influence factor for flexible rectangular footing (no unit) 

Iρ, rigid - Settlement influence factor for rigid rectangular footing (no unit) 

Iρ, depth - Settlement influence factor for flexible rectangular footing at a depth (no 

unit) 

Iρ, circle - Settlement influence factor for flexible circle footing (no unit) 

x - Distance from the centre of the footing in the x direction, m 

y - Distance from the centre of the footing in the y direction, m 
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Chapter 1 
 

Introduction 

 

1.1 Overview 

Foundations are an integral part of a structure used in transferring the load of the 

superstructure to the soil below. The foundations are classified in two categories- 

shallow and deep foundations. Shallow foundations are generally opted where the 

soil conditions are adequate at shallow depths to carry the load coming on from the 

superstructure. Shallow foundations are cost effective, easy to build, and require 

least specialized equipment. The shape of the shallow foundations for a structure 

may vary. This depends on the load coming in from the superstructure. The common 

shallow foundations are isolated footing, combined footing, strip footing, strap 

footing and mat footing. When the load coming from a single column needs to be 

transferred, generally isolated footing in the shape of square is preferred. However, 

due to moment loads or constraint in the site boundary, as in the case of footings 

very close to the boundary of the plot, the shape is modified to be a rectangular 

footing. Rectangular footings have been used for a long time in the foundations of 

structures. However, the exact formulation for the settlements of a rectangular 

footing has been approximated by converting its area into an equivalent circular 

footing or square footing.  
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Figure 1.1.  Soil Profiles Showing Two Layer Soil System 

 

Soil profile in Kandi Campus of IIT Hyderabad has a distinct two layer soil system 

followed by a rigid layer consisting of rocks. Similar soil profiles have also been 

identified in Bangalore and Hong Kong as reported by researchers [Anbazhagan and 

Sitaram (2006) and Zhang and Dasaka (2010)]. Figure 1.1 shows the profiles by the 

above authors. Researchers like Harr(1966) and Giroud(1968), Ueshita and 

Meyerhof(1968), Davis and Taylor(1962), and Burmister(1962) have analysed the 

settlements for workable loads, a comprehensive summary of which has been 

provided for elastic settlements by Poulos and Davis (1974). The solutions provided 

are for soils with homogeneous soil properties and extending semi-infinitely in all 

directions, or for a finite thickness of soil (homogenous soil underlain by a rigid 

base). Averaging the properties of the soil of different layers may lead to erroneous 

results in estimating the settlements, especially if the soils’ properties are widely 

different.  

 

The settlement of a shallow footing depends on various other factors like shape of 

the footing, depth of embedment and rigidity of the footing. The settlement of the 

shallow footing is generally calculated using Equation (1.1) 

        (1.1) 
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where, ρ is the settlement of the footing, q is the load applied on the footing, B is the 

width of the footing, υ is the Poisson’s ratio, E2 is the deformation modulus of the 

second soil layer, and Iρ is the influence factor of the settlements. 

Influence factors are introduced to include the effects of the above-mentioned 

factors influencing the settlement. The influences of these factors are studied 

independent of the other influencing factors. With soil profiles as shown in Figure 1 

commonly available, it is necessary to produce solutions for two layered soil system 

underlain by a rigid base. Also rectangular footings are common types of footing 

used in field conditions. The project presents a detailed review on the settlements of 

a rectangular footing on a two layered soil system underlain by a rigid base in 

chapters. You have to present here the shortcoming of the existing methods. For e.g., 

that they do not provide solutions for two-layered system underlain by a rock 

stratum. 

 

1.2 Objectives  

 To analyse the behaviour of two-layered soil system underlain by a rigid 

base, soil parameters are varied for various aspect ratios of the rectangular 

footing. The soil parameters varied for the soil system includes Deformation 

modulus and the Poisson’s ratio. The thickness and the rigidity of the 

footing is also varied to completely understand the behaviour of the footing 

on a two layered system. 

1. Shape and size of the footing and analysing the settlement response 

of the footing 

2. Poisson’s ratio 

3. Rigidity of the rectangular footing  

4. Depth of embedment of the footing on the settlement response 

 Settlement influence factors are proposed to include the variation in 

settlements considering all the variations caused by the above-mentioned 

parameters. PLAXIS 3D v AE is used to analyse the above-mentioned 

parameters.  
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 To analyse the validity of shape conversion in approximating the settlement 

values from that of a circular footing 

1.3 Organization of Study 

Chapter 2 deals with the existing literature review on rectangular footings, their 

basis in analysis and presents literature on the two-layered soil system. This Chapter 

also emphasizes on the necessity to include factors like rigidity, depth of embedment 

in the formulation. Chapter 3 provides the background on modelling with PLAXIS 

3D, a Finite Element Analysis software, in three dimensions. It also explains the 

modelling parameters used such as the soil model, meshing and other basic 

parameters.  

Chapter 4 presents the effect of Poisson’s ratio on the soil and the approximation 

method for formulating he settlement for different values of Poisson’s ratio. Chapter 

5 presents the settlement influence factor for rectangular flexible footing on a two-

layered soil system underlain by a rigid base. Chapter 6 compares the influence 

factor obtained for rectangular footing to that of a circular footing. Rigidity of the 

footing is explained in chapter 7. Chapter 8 deals with the depth of embedment and 

proposes factors to explain the change in settlement by varying the depth of 

embedment. Chapter 9 gives a summary of the factors proposed and a brief 

discussion on the results obtained along with the conclusion. 
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Chapter 2 
 

Literature Review 

 

2.1 Introduction 

Foundation is a part of the engineered system that transmits to, and into, the 

underlying soil or rock, the loads supported by the foundation and its self-weight. 

However, foundations may also carry just machinery, tanks, industrial equipment 

etc. Foundations can be classified as shallow and deep foundations according to how 

the load is being transferred to the ground. Shallow foundations are classified based 

on their shapes as rectangular, circular, square or as isolated, combined, raft and 

strip footing. For the structure to be stable, Soil should fail neither in shear failure 

nor should fail in deformation. In most cases, this criterion takes care of the bearing 

capacity criteria. In case of settlement failures, generally the failure is gradual and 

hence the failure can be remedied. The failure due to uniform settlement generally 

does not lead to the collapse of structure. 

When differential settlement occurs, the cracks form in the structure leading to the 

collapse of the structure. Soil settlements are the best estimation of how the soil 

deforms when a load is applied on it. The deformation of soil happens in all the 

directions, while the vertical settlement of a foundation is often considered critical. 

The settlements are generally classified as immediate, primary, and secondary or 

consolidation settlements. Immediate settlement is the settlement that occurs as the 

load is applied or within a short period of time. For granular soils, the elastic or 

immediate settlement account for more than 90% of the total settlement. 
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As mentioned earlier, many studies are available on the study of rectangular loading 

and on two layered soil system for various shapes. However, rectangular footing is a 

common type of footing and two layers of soil underlain by rigid base criteria have 

not yet been studied. This chapter provides a detailed review of the studies available 

on settlement of rectangular footings and on two layered soil systems.  

 

The basic expression for surface settlements of a flexible circular footing founded on 

the surface of a semi- infinitely thick soil layer is given as in Equation 2.1,  

         (2.1) 

where,  ρ is the settlement of circular footing, q is the loading acting on the soil, B is 

the width or diameter of the footing, υ is the Poisson ratio of the soil, and E is the 

elastic modulus of the soil. However, in reality the settlement also depends on the 

depth of embedment, shape of the footing, rigidity of the footing. To depict the 

influence of these factors researchers introduced a factor called influence factor, Iρ 

that produces a multiplying factor to correct the settlement values based on the 

above-mentioned factors that influence settlements. Various methods provided by 

the researchers are stated below for rectangular footings on semi-infinite and finite 

layered soil system. The chapter also discusses the effect of Poisson’s ration, footing 

rigidity and the depth of embedment and its effect on settlement as provided by 

previous researchers.  

 

2.2 Rectangular Footings 

2.2.1 Footing on Semi-Infinite Soil Layer 

Harr (1966) proposed the settlement at the corner of a rectangular loading at any 

depths acting on elastic, semi- infinite soil as in Equation 2.1. He proposed influence 

factor, given by Equation 2.2, by introducing factors A and B dependent on factors 

m1 and n1.  
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       (2.2) 

where  

  ,   

p= load on the surface of the footing, l= length of the footing, b= width of the 

footing, z= depth below the footing, E= elastic modulus and υ= the Poisson ratio of 

the footing, m1= l/b and n1=z/b.  

 

Giroud (1968) representated the vertical mean surface settlements at four points in 

the form of table and also as chart bearing the influence factors, the four points 

being the centre of the footing, centre of the long side, centre of the short side and 

the corner of the footing. The formulation given to apply the influence factor is as in 

Equation (2.3) 

        (2.3) 

 

Schleicher(1926) has proposed a rigorous theoretical solution for settlement of a 

semi- infinite layer of soil for different aspect ratios, L/B, equal to 3,5 and 10. The 

results obtained by Schleicher were compared with the results obtained by Enkhtur 

et al. (2013) and was found to be in good agreement up to an aspect ratio of L/B ≤ 2 

and the percentage of variation increased with the aspect ratio with 40% variation 

for L/B of 10.  

 

Mayne and Poulos (1999) proposed the most general and updated solution as given 

in Equation 2.4 
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        (2.4) 

where ρe is the elastic settlement at the centre of the footing, q is the uniform stress 

applied on the footing and Be is the equivalent diameter of the rectangular footing 

(Be= √(4BL/π) ). IF, IG and IE are the proposed correction factors for foundation 

rigidity, soil modulus and foundation embedment. 

2.2.2 Footing on Single Finite Layer of Soil 

Ueshita and Meyerhof (1968) proposed influence factor for vertical settlement at the 

corner of a flexible rectangular loading on a soil of finite layer as shown in Figure 

2.1. The interface between the soil layer and the base is adhesive. The influence 

factor, Irc, was computed for six different values of Poisson’s ratio, and the actual 

displacement can be computed from the Equation 2.5 where p is the vertical stress 

per unit area, B is the width of the footing, E is the elastic modulus of the footing.  

         (2.5) 

 

Figure 2.1 Schematics of a finite layer of soil underlain by a rigid base 

where, Irc is the influence factor taking into consideration the Poisson’s ratio of the 

soil.  

Davis and Taylor (1962) proposed influence factors for both vertical and horizontal 

surface displacements at the corners of the rectangle for a rough rigid underlying 

base. Vertical stresses (qz and qx) horizontal stresses (qy) were considered in the 

formulation. The settlement of the footing at any corner is represented as in 
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Equation 2.6, where i and j are any of x, y, z, and 0
m

ij, 1
m

ij, 2
m

ij are influence factors 

represented as a chart, . 

        (2.6) 

 

Sovinc (1961) considered the settlement of a rectangular footing on a finite 

homogenous layer of soil underlain by a rigid base where the interaction between 

the soil and the rigid base was considered smooth for Poisson’s ratio equal to 0.5. 

The solutions, however, are for large lateral dimensions that the solutions might be a 

close representative of infinite soil layer than finite layer of soil. The solutions were 

presented in terms of chart with fc plotted against h/B for different values of L/B 

where fc and fd are the influence factors and the settlements can be inferred from 

Equation 2.7.  

 at the centre of the smaller edge and   for centre of the larger side

 (2.7) 

 

Fraser and Wardle (1976) proposed settlement values for a raft footing on a finite 

homogenous layered soil and also proposed correction factors for the foundation 

shape, roughness, and rigidity of the footing when an uniform stress is applied on 

the soil.  

2.3 Footings on two-layered soil system                    

Burmister(1962) proposed the vertical surface settlement at the centre of the circular 

footing for the Poisson’s ratio of top and bottom layers equal to 0.2 and 0.4, 

respectively. A solution for Poisson’s ratio of both layers equal to 0.5 was later 

published by Burmister (1945).  Thenn de Barros (1967) then produced results 

where the Poisson’s ratio equal to 0.35 for both layers. Ueshita and Meyerhof (1967) 

introduced an alternative chart where the variation of h/a was plotted against Ea/E2 
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for various values of E1/E2 through which the settlement values were inferred as 

from Equation 2.8, where Ea is the equivalent modulus of elasticity for Poisson’s 

ratio of both layers was taken as 0.5. All the above propositions are for circular 

footings on a layered soil system with adhesive interface between the soil surfaces 

as shown in Figure 2.2 (a).  

         2.8 

                   

Figure 2.2: Schematic diagram of a two-layered soil system with (a) bottom layer 

underlain by rigid base, and (b) bottom layer extending semi-infinitely 

 

Ueshita and Meyerhof (1967) extended the evaluation of the settlement for a two-

layer soil system with the second layer having a semi-infinite depth to two layer 

finite layer underlain by a semi-infinte layer of soil where the Poisson’s ratio is 0.5 

for all the three layers. The settlement can be inferred from Equations 2.9(a) and 

2.9(b) for the settlement at the centre and the edge respectively. They have analysed 

the model for the parameters as shown in table 1. Thenn de Barros (1966) published 

influence facotrs for vertical displacements at the centre of the circle and tables were 

for various thickness of the soil layers. The settlement can be inferred from the 

Equation 2.10 by applying the corresponding influence factor, F. By using the 
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approximation of the of the area of rectangle to an equivalent area of circle, the 

settlement can be inferred. 

                (2.9 a) 

                (2.9 b) 

                   (2.10) 

Table 2.1 Values proposed by various authors for approximation 

Author(s) E1/E2 E2/E3 υ1= 

υ2= υ3 

T/a H1/T 

Ueshita and Meyerhof 

(1967) 

2, 10, 100 2, 10, 

100 

0.5 0.5, 1, 

3, 4 

0, 0.2, 0.4, 

0.6, 0.8, 1 

Thenn de Barros 

(1966) 

2, 5, 10, 

20, 50 

2, 5, 10 0.35 - - 

 

Razouki(2009) proposed maximum settlement influence factors for a square footing 

on a two layer soil system as represented in Figure 2.2 (a). The author has used the 

variation of similar parameters to study the behaviour of the proposed system. 

However the results are limited only to square footing and can be extended to 

circular footing as proposed by the shape conversion method explained in the thesis.  

 

2.4 Effect of Poisson’s ratio 

Das (1985) mentioned Boussinesq’s equation by for elastic settlement at the centre 

of a uniformly loaded flexible rectangular area for a semi- infinite homogeneous 

layer is represented in Equation 2.1. Approximate effect of Poisson’s ratio can be 

estimated by using the Equation 2.11. This formulation is applicable only in the case 

where both the soil layers have the same Poisson’s ratio.  
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                   (2.11) 

Where, υa is the actual Poisson’s ratio and υu is the Poisson’s ratio used in the 

tabulation as proposed by Razouki et. al. (2010). 

Enkthur (2013) stated that Schiffman (1968) analysed the effect on settlements 

beneath a perfectly circular rough foundation on elastic half space. Schiffman 

inferred that the Poisson’s ratio affects the settlements of the soil. For example, if 

the Poisson’s ratio of the soil is 0.5, then there is no friction effect on the settlement. 

However if the Poisson’ ratio is zero then the settlement gets reduced to 84% 

compared to frictionless foundation.  

 

Mayne and Poulos (1999) proposed that the range of drained Poisson’s ratio values 

the earlier proposed might have been over estimated and the practical values to be 

used generally varies between 0.1 and 0.2 and for un-drained Poisson’s ratio it still 

remains valid to use Poisson’s ratio of 0.5.  

 

2.5 Approximation by Shape Conversion 

Entkhur et. al. (2013) proposed correction factors for conversion of rectangular 

footing to equivalent area of circular footing for a semi-infinite layer for L/B less 

than or equal to 2. They also proposed that if the aspect ratio, L/B> 2, then shape 

conversion gives erroneous results and correction factors should be introduced, if 

shape is modified. The above examples are restricted only to a particular domain of 

soil condition or thickness of layers and can’t be applied to other footing shapes in 

all conditions. The authors have proposed or considered converting rectangular 

footing to equivalent area of square or circular footing while proposing the 

settlement influence factors. 

 

Prominent researchers in the field have also mentioned converting loading of other 

shapes to circular shape with equivalent area and then computed settlement or stress 
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in the soil due to the load. Mayne and Poulos (1999) have recommended conversion 

of rectangle with sides A and B to a circular of area of (4AB/π) 
1/2

 for computing the 

settlements at the centre, which is also the maximum settlement of the load on the 

soil. Prakash and Puri (2006) state that in case of non-circular footings, equivalent 

radius is assumed. Fellenius (2006) mentions that conversion from circular to 

equivalent rectangular footing is also being carried out and this is also applicable for 

squares. Chakraborthy and Kumar (2013) have proposed the bearing capacity factors 

for the circular footing and they have mentioned that the bearing capacity factors 

can also be used as a rough estimation of square footings with equivalent area of 

circular footing.  

 

Enkhtur (2013) has mentioned that Mayne and Poulos (1999)
 
proposed that for 

aspect ratio of L/B less than or equal to 2, the conversion of rectangular shape of 

footing to other shapes gives almost the same result by studying the strain in the soil. 

The authors had also studied the settlement influence factors for the aspect ratio of 

L/B greater than 2 and they propose that Mayne and Poulos’s proposal overestimates 

the settlement values and the reason for this is that the diameter of the equivalent 

footing is larger than the actual breadth of the footing. Enkhtur also proposed that 

the actual breadth (or diameter) of the footing needs to be considered instead of the 

equivalent breadth (or diameter). All the above authors have done research for a 

semi- infinite soil layer.  

 

This current study deals with the influence of shape conversion over settlement 

when the footing is converted from a rectangular footing to an equivalent area of 

circular or square footing. It also analyses the condition that the soil is not semi- 

infinite but is restricted to a particular thickness.   

 

2.6 Effect of Rigidity of Footing 

Whitman and Richart (1967) proposed settlement influence factor, βz, for rigid 

footings on a semi-infinite homogeneous layer of soil for rectangular footings of 

different dimensions to determine the settlement values. The factor, βz, depends on 
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the aspect ratio, L/B of the footing. Sovinc (1969) proposed the solutions for a rigid 

footing on a finite layer of soil by proposing a settlement factor β, where β depends 

on the aspect ratio, L/B, and the normalised thickness of the layer with respect to the 

length of the footing, H/L.  

 

The US Navy Soil and Foundation design manual (1986) has also proposed the 

settlement influence factor for both semi-infinite and finite layer of soil. They have 

given the settlement factors for both rigid and flexible footings at the centre and the 

corners for rectangular footing for various dimensions. In the case of finite layer of 

soil, the values proposed are for Poisson ratio of either 0.33 or 0.5. 

 

2.7 Depth of Embedment of Footing 

Groth and Chapman (1969) proposed influence factor for vertical settlement at the 

corner of a rectangular footing on a semi- infinite layer for a footing embedded at a 

depth of h as given in Equation 2.12 where I is the influence factor.  

                  (2.12) 

where,  

  

 , ,  

,  

 ,  , 
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,  

 

 

Fox (1948) proposed a relationship between the mean vertical settlements at a depth 

of a rectangular footing to the mean vertical settlement if the same footing is place 

on the surface. The depth factor represented in terms of  and  and was plotted 

against for various b/a value. The parameters defined are, h is the depth of 

embedment, a is the longer side of the footing, b is the breadth of the rectangular 

footing, ρm is the settlement at a depth, ρmo  is the settlement at the surface of the soil 

for a Poisson’s ratio of 0.5.  

 

Burland (1970) proposed a correction factor IE for taking into consideration the 

depth of embedment of the footing for a footing embedded in a semi-infinite layer of 

soil as represented in Equation 2.13. The variables in the equation are ze is the depth 

of embedment depth, υ is the Poisson’s ratio and d is the diameter of the footing.  

                (2.13) 

 

All the above solutions proposed by various researchers, as stated above, the 

solutions for the required problem definition is not available or is limited to 

approximations for limited cases. For the profile defined by two layered soil system 

underlain by a rigid base, solutions need to be proposed to correctly define the 

settlements obtained and also study the extent of settlement by studying the profile 

of settlements at the surface.  
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Chapter 3 

 

Modelling in PLAXIS 3D 

 

3.1 Introduction  

PLAXIS is two or three-dimensional finite element software, developed for 

geotechnical applications in which models are created using finite elements to 

simulate soil behaviour. PLAXIS has both 2D and 3D software for specified uses. 

The problem defined before is for a rectangular footing on a two layered soil system. 

The rectangular loading is asymmetric in both the x and y direction and therefore the 

settlement profiles will also differ. The problem cannot be summarized to a 2D 

problem. The entire modelling on this paper is based on PLAXIS 3D software unless 

specifically mentioned. The in-built program uses factors for loads and models 

parameters based on applicable ultimate limit state design method, in addition to 

serviceability limit state calculations. The analysis covered in this thesis is based on 

workable conditions of the footing, i.e. the footing is still considered working and 

the soil is assumed to still be in the elastic state and therefore the soil model adopted 

is linear elastic model. Linear state considers that the soil is still in elastic 

equilibrium i.e. as the load is removed, the soil comes back to its initial state. This 

chapter deals with the assumptions dealt in modelling the problem definition defined 

in Chapter 2. It also covers the convergence study and the boundary conditions 

adopted. (PLAXIS general manual) 
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3.2 Problem Definition 

 

Figure 3.1. Representative model of rectangular footing on finite layer of soil 

 

 

Figure 3.2. Representative model of rectangular footing on two layered soil system 
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A uniform rectangular load of intensity ‘q’ acts on soil system. The rectangular 

loaded area is defined by the dimensions L and B. Figure 3.1 shows the 

representative model for a finite soil layer with thickness of H on which a 

rectangular load is applied on the surface. Figure 3.2 shows the system with two 

layers of soil underlain by a rigid base with the thicknesses of the top and bottom 

layers as H1 and H2, respectively. The objective of the study is to analyse the 

maximum settlement influence factors at the centre of the footing. The settlement of 

a shallow footing depends on various other factors like shape of the footing, depth of 

embedment and rigidity of the footing apart from the load on the footing. Influence 

factors are introduced to include the effects of the factors influencing the settlement 

independent of the other influencing factors. In addition, the settlement profiles in 

both x and y directions are also presented. 

 

3.3 Finite Element Analysis 

Finite Element Analysis is a method to find numerical solution for complex existing 

problems in the real world using approximations and solving differential equations. 

As with all numerical solutions, error due the approximations occurs, however the 

error can be limited by understanding how finite element is implemented in the 

particular software and also through experience. The method utilises breaking the 

model into smaller components called finite elements connected through node points 

and creating a solution by the approximated differential equation used for defining 

the problem by the application of pertinent boundary conditions. Displacements are 

found at the nodes while the stress variation is computed and represented at the 

stress points. Care was taken to cross check if the angle at the corners of the finite 

elements were between 30
0
 and 120

0
 for getting better results.  

 

3.4 Advantages of PLAXIS 3D 

With various software based on FEA available commercially, PLAXIS is one of the 

few three dimensional software available specifically designed for geotechnical 

purposes. Modelling is divided into profile creation of soil, application of soil 

model, addition of structural components, meshing, and water table, followed by the 

calculation. Pre-defined soil models and soil sample data are available in-built in the 
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software. However provision for used defined modelling is also available. PLAXIS 

has both 2D and 3D software. Since the model has rectangular footing as structural 

component which is not symmetric, we adopt 3D software in our study to study the 

effects on all three directions, x, y and z. Quadratic tetrahedral 10- noded elements 

are available in PLAXIS 3D for meshing into finite elements. The software also has 

the option of automated mesh generation with options for global and local 

refinement of the model.  

 

3.5 Finite Elements 

Finite Elements are elements obtained by splitting the model into finite number of 

parts for approximation purposes. PLAXIS 3D uses quadratic tetrahedral 10- node 

elements as shown in Figure 3.3. Quadratic tetrahedral 10- node elements are linear 

stress elements with 10 nodes. The elements are generally formulated in 3D 

modelling. It has three degree of freedom per node translating in x, y and z direction. 

These are iso-parametric elements with stresses being calculated at stress points and 

displacements in nodes. The elements are generally used for loading in three 

directions or uniform pressure on element surfaces. It gives defined results of stress 

through thickness of the model, has forces as input and not as moments (lacks 

rotational degrees of freedom) and has pressure load applied. These validate using 

the elements in the required modelling. The element has various advantages 

including better stress analysis and is favoured in 3D mesh generation as it allows 

curved surfaces and sides. The disadvantages include complicated formulation, 

increased formation time when compared to lower degree elements.  
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Figure 3.3. Representative model of a 10-noded tetrahedral model used in PLAXIS 

3D software 

 

3.6 Soil Model 

The material model used in all the simulations in the thesis is linear elastic material 

model. Technically, the use of linear elastic material model is restricted to the cases 

only if the strain in the material is small, the stress component is linearly 

proportional to the strain, the material returns back to its original shape with 

unloading have the same path as the loading path and there is no dependence on the 

rate of load applied or the time taken for loading or unloading. As the study of the 

soil deals with the elastic behaviour of the soil and the soil loading is not dependent 

on time and the loading path. Therefore the selected material model is sufficient for 

the model defined. Figure 3.4 shows the linear elastic perfectly plastic model 

corresponding to the behaviour of the Mohr-Coulomb model. The plastic behaviour 

of the soil is omitted due to the consideration that the load applied is the working 

load and only results are observed only till the soil remains in elastic condition, as 

primary settlements are only considered. 

 

Figure 3.4. Representation of Linear Elastic- Perfectly Plastic model 

 

3.7 Boundary Conditions 

 

PLAXIS 3D has pre-defined default boundary conditions. The automated boundary 

condition defines that the displacement on the surface is free in all directions, and at 

the bottom of the model is fixed in all directions (ux=uy=uz=0), the displacements 
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along  x direction of the software is fixed on the y direction and the displacements 

along y direction has its displacements at the boundary fixed in the x direction and 

free in all the other directions. The models in the thesis all use automated boundary 

condition.  

 

 

3.8 Convergence Study 

Convergence study was done both for the boundary distance and the meshing of the 

model. Based on the convergence study the fine refinement was chosen where the 

element size is 0.7 times the automated meshing dimensions where the average 

element size is approximately 5.9m. However the fine refinement did not give a 

clear idea on the vicinity of the application of the load. The model dimensions were 

considered as 30 times the length of the footing (30L) for convergence. The 

convergence, in general, for the dimensions of the model for a footing will be 25 

times the length of the footing. However for a very thin layer of top layer of soil 

with very high of low E1/E2 values, the distribution exceeds the general guidelines. 

Analysing for the worst case scenario, the boundary condition of 31 times the 

length, L, of the footing has been considered. Figure 3.5 indicates the extent of the 

boundary in both the directions as shown from top view.  

 

Figure 3.5. Extent of boundary in both the directions (top view) 

 

3.9 Meshing 
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For calculation using finite element method, the model is subdivided in to elements 

by the process of meshing. The whole model is subdivided into elements by 

automated meshing. 10 node triangular elements are used in the modelling. 

Convergence study was performed for both the meshing and the model dimensions. 

Global refinement was adopted as fine where the model relative size is 0.7 compared 

to 2 for very coarse refinement. The average element size was about 5m but varies 

depending on the size of the model without considering local refinement. Local 

refinement was adopted around the loading areas as explained below. 

 

3.9.1 Refinement of Surfaces 

As automated meshing and global refinement yields a mesh with element size of 

approximately 5m. However the size of the footing was approximately the size of 

one element. Multiple elements are desired below the footing to correctly predict the 

behaviour of the sol to the load applied. Therefore surface local refinement was 

adopted to refine the mesh further. A local refinement of 0.125 times the size of the 

global refinement was adopted to reduce the size of the elements below the footing 

to 0.6m.  

 

3.9.2 Volume Refinement 

Figure 3.6 (a) shows the model with local surface and global refinement while figure 

3.6 (b) represents the same with local volume refinement. As represented, the 

elements are comparatively large to accurately represent the displacements or the 

displacement profiles on the surface. Comparing with the local refinement, the 

profiles to be plotted still didn’t give a perfect impression of the settlement on the 

surface. Therefore a local volume refinement was considered around the area of the 

application of the load. An area of 3m around the load was considered for volume 

refinement and the local area was refined to 0.125 times the size the general area of 

the model. 
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Figure 3.6. Model around the loading with rectangular loading (a) without local 

refinement (b) with local refinement 
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Chapter 4 

 

Poisson’s Ratio Effect 

 

4.1 Introduction 

Poisson’s ratio is the ratio of the transverse contraction strain to the longitudinal 

extension strain in the direction of the tensile force applied. Poisson’s ratio has 

relation with the elastic modulus and shear modulus. The theory of isotropic linear 

elasticity allows Poisson’s ratio to range from 0 to 0.5 in soils. Results from tri-axial 

tests results in the Poisson’s ratio of the soil generally ranging from 0.25 to 0.45. 

However, errors in tri-axial tests like end effects, stress non-uniformity, capping and 

seating led to erroneous values being reported. Improvement in testing methods and 

equipment has led to more accurate values being reported ranging from 0.01 to 0.2. 

The normal range of values to be used in elastic continuum for soils in drained 

conditions therefore generally vary from 0.1 to 0.2 for all types of soils. Poisson’s 

ratio of 0.5 is still valid for un-drained conditions.  
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Figure 4.1. Comparison between Finite Element Analysis and approximation using 

Razouki’s proposition 

 

The results proposed in the thesis are generally for Poisson’s ratio of 0.2 with an 

exception for the settlement influence factor of the soil for a flexible rectangular 

loading where the results are also given for Poisson’s ratio of 0.35. However, the 

results for other Poisson’s ratio can be approximately derived from the results 

proposed for Poisson’s ratio of 0.2.  

4.2 Equivalent Settlement factors for Poisson ratio 

From Equation 2.1 of the Boussinesq’s equation, the relation for the elastic 

settlements with Poisson’s ratio is given. Applying the range of values of 0.1 to 0.2 

as suggested by Mayne (1999), the term (1-υ
2
) is reduced to 0.99 to 0.96 not altering 

the original value of the settlement. However, to find the exact value change due to 

Poisson’s ratio, an approximation is proposed by Razouki (2009) as given in 

equation 4.1. 

         (4.1)  

The effect of converting the values using the formula mentioned by Razouki was 

studied for a two layered soil system  in this chapter for a rough footing. Figure 4.1 

shows the comparison of values between results obtained for a Poisson’s ratio of 0.2 

from Finite Element Analysis using PLAXIS 3D and the results obtained using the 
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same model for a Poisson’s ratio of 0.35, converted to 0.2 using equation 4.1. The 

results obtained were in good agreement for Poisson’s ratio conversion. This method 

is found satisfactory for converting Poisson’s ratio provided the two layers have the 

same Poisson’s ratio.  

 

The conversion effect is valid though generally unnecessary as the effect of 

Poisson’s ratio is minimised when the soil is considered linear elastic. The thesis 

therefore considers results only for Poisson’s ratio of 0.2. Results for any other 

Poisson’s ratio can be interpolated from the formula. An example of conversion is 

given for reference.  

 

4.3 Example Problem 

For a rigid rectangular footing on a two layer soil system underlain by a rigid base 

with E1/E2=0.5, L/B=2, H1/B=1, H2/B=4 and υ=0.2, the settlement influence factor 

is given as 1.538. Here assumed Poisson’s ratio is 0.2 and to find the settlement 

influence factor for Poisson’s ratio of 0.15 for the same soil properties,  

υa= assumed Poisson’s ratio= 0.2 

υu= assumed Poisson’s ratio= 0.15 

 

The settlement influence factor for the model with Poisson’s ratio of 0.15 is now 

1.538*0.982 = 1.511.  
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Chapter 5 

Settlement due to Uniform Rectangular 

Footing on Two Layered System 

 

5.1 Introduction 

Rectangular footings cannot be represented as two-dimensional problems in general 

due to the lack of symmetry in both the directions. The results in the x direction and 

the results in the y direction do not offer the same results. The lack of symmetry 

further complicates the study of two layer system as the soil is neither homogeneous 

nor isotropic. In a similar way, the contour of settlements on the surface is also not 

uniform in both the directions and cannot be assumed to be considered from just the 

width of the footing. The depth of influence is principally governed by the 

dimensions of the footing. However in the case of a two layer soil system, the depth 

of influence is governed by influence of the relative stiffness of the layers and the 

thickness of both the layers exclusive of the dimensions of the footing. The 

influence of the elasticity on the settlement of the rectangular footing is studied in 

terms of normalised factor, E1/E2, where E1 and E2 are the stiffness of the top and 

the bottom layer respectively. The analysis for rectangular footing for two layer soil 

system is done for three aspect ratios, L/B, of 1, 2 and 5. Results are obtained in 

terms of settlement influence factors and surface settlement influence factor profile 

and the influence of stiffness, thickness and the aspect ratio of the footing.  

 

5.2 Problem Definition  

A uniform rectangular load of intensity ‘q’ acts on a two-layered soil system 

underlain by a firm stratum. The rectangular area of load is defined by the 

dimensions L and B. The thicknesses of the top and bottom layers are H1 and H2, 
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respectively. The objective of the study is to analyse the maximum settlement 

influence factor at the centre of the footing and also investigate the surface 

settlement profiles as a product of surface settlement values and normalised values 

of corresponding dimension i.e., the profile along the length is plotted against the 

normalised length i.e. x/L. The profile is plotted in both the x and y direction for 

understanding the influence of the load. 

 

5.3 Validation 

The stability and the usability of the software can be confirmed by the validation of 

the results by previously obtained and recorded data points. The results detailed 

below in the next section are validated by the data obtained by two case studies in 

Australia and Canada. The results are consistent with that obtained by the FEA.  

5.3.1 Case Study 1- Savings Bank, Adelaide, Australia 

 

Figure 5.1. Soil Profile at Savings Bank, Adelaide, Australia 

Kay and Cavagnaro (1983) reported measured settlements of three buildings located 

in Adelaide, Australia. One of the buildings consisted of a Savings Bank supported 

on a raft footing of length and width equal to 39.5 m and 33.5 m, respectively. Raft 

was placed at a depth of 4 m from the ground surface, and was subjected to a load of 
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intensity equal to 134 kPa. The soil profile at this site comprised predominantly of 

clay layers overlying a sandstone deposit. The water table was located at a depth of 

20 m below the ground level, such that it doesn’t bode much influence over the 

settlements of the footing. Down Hole Plate Load (DHPL) tests were conducted to 

obtain the drained deformation modulus, E’, of the soils layers at the site. Based on 

the deformation modulus measurements, the soil profile underneath the footing may 

be assumed to be made up of a two-layered soil system followed by a stiff sandstone 

layer with equivalent E’ values equal to 44 and 60 kPa (Figure 4), similar to the 

basic model considered in this study (Figure 2). The thickness of the top layer was 

taken as 2 m, while the second layer extended 8 m below the top layer. The 

Poisson’s ratio equal to 0.2, an appropriate value for Adelaide soils, was considered 

as mentioned by the authors (Kay and Cavagnaro, 1983). Settlement equal to 22 mm 

was measured at the centre of the footing, while settlements equal to 11 mm, 7 mm, 

and 5 mm were measured at the centre of the edges of the footing and at the corner 

of the footing, respectively. The corresponding settlements from the finite element 

model used in the present study were obtained as 21.9 mm, 10.6 mm, 4.6 mm and 

5.5 mm, respectively. The results obtained from finite element model are in good 

agreement with the measured values. The table 5.1 shows the settlements as 

measured by Kay and Cavagnaro, predicted settlements using PLAXIS 3D and the 

percentage of variation at various locations of the footing.  

Table 5.1. Settlements as measured by Kay and Cavagnaro and predicted settlements 

using PLAXIS 3D 

Method Centre 

Settlement  

(mm) 

Edge 

Settlement 

(mm) 

Uniform 

Settlement (mm) 

Predicted Settlement- 

Finite Layer 
22.7 5.6 19.9 

Predicted Settlement- 

Two Layer System 
25.9 - 19.9 

Measured Settlement- 

Field Value 
21.9 5.5 - 
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5.3.2 Case Study 2- Leaside Towers, Ontario, Canada 

Trow and Bradstock (1972) studied the settlement of caisson and raft foundations 

for Leaside Towers in Metro Toronto, Ontario, Canada. It is a 43-storeyed structure 

consisting of two towers, one tower is supported on a caisson foundation and the 

other on a raft foundation. In this study, the settlement of raft foundation is 

considered to validate the finite element model. Raft consisted of three parts 

connected to each other by construction joints and was placed at a depth of 5m from 

the ground surface. The raft footing was founded on 4m-thick medium sand 

underlying 13m-thick clayey silt till and 17m-thick silt and silt till deposit below the 

level of the footing. Figure 5c shows the soil profile at the site along with the 

equivalent deformation modulus of the soil layers. The deformation modulus of the 

soil layers are obtained based on the method proposed by Fraser and Wardle (1976) 

as suggested by Enkthur. Due to relatively small thickness of the medium sand 

deposit below the footing, the raft may be assumed to rest directly on the two-

layered soil system consisting of 13m-thick clayey silt till and 17m-thick silt and silt 

till deposits, underlain by a bedrock. The maximum settlement of the raft footing 

was intepolated from the measured settlements values and was obtained as 39.3 mm. 

Considering the dimensions of the raft foundation, we have obtained the ratios as 

L/B = 2.72, H1/B=0.5, H2/B=0.54 and E1/E2=0.502. The value of Poisson’s ratio of 

soil layers was assumed to be equal to 0.25 (Enkhtur et al. 2013). The maximum 

settlement equal to 36.6 mm was obtained from the finite element model considered 

in this study, a difference of 7% from the measured value. This could be due to 

assumed to be the settlement of 1m-thick medium sand deposit that was ignored in 

the finite element model. In addition, the raft consisted of three parts connected by 

construction joints, while it was assumed to be a single raft in finite element 

modeling.  
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Figure 5.2. Raft details and soil profile for Leaside Towers, Ontario, Canada: (a) 

cross section of the footing, (b) plan view of the raft foundation, and (c) soil profile 

with deformation modulus of soil layers (modified after Trow and Bradstock 1972) 

 

The settlement of layered soil system from the finite element model was found to 

compare very well with the measured settlement of footings reported in the two case 

studies. The same finite element model was used to further carry out an extensive 

parametric study. Based on the finite element analysis, the settlement influence 

factors were deduced and presented for a wide range of geometric and elastic 

properties of the layered soil system. Results in the form of charts and the effects of 

various parameters on the maximum settlements and surface settlement profiles for 

rectangular loading are discussed next.  

 

5.4 Maximum Settlement Influence Factors 

Figures 5.3 to 5.6 show the variation of maximum settlement influence factor, Iρ,max, 

with H1/B for L/B=1, 2 and 5 and corresponding to H2/B= 1, 2, and 4. These charts 

can be used to estimate the immediate settlement at the centre of rectangular load 

acting on a two-layered system underlain by a firm stratum. The effects of 
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thicknesses of top and bottom layers, loading area, and deformation modulus of two 

layers are given in terms of normalized parameters - H1/B, H2/B, L/B and E1/E2. 

 

5.4.1  Effect of Poisson’s ratio  

For the two values of Poisson’s ratio, 1=2=0.2 and 0.35 considered in the study, 

the settlement influence factor was found to decrease slightly with increase in the 

Poisson’s ratio. However, the effect of Poisson’s ratio on the settlement of layered 

system can be considered insignificant (Figures 5.3 to 5.6). 

 

5.4.2 Effect of H1/B  

For the given geometry of the soil layers, the settlement below the uniform 

rectangular area increases with decrease in the moduli ratio, E1/E2 (Figures 5.3 to 

5.5). This can be explained based on the vertical stress distribution within the two-

layered system due to loading. Figure 5.6 shows the vertical stress distributions for 

three moduli ratios, E1/E2 = 0.01, 0.5, and 100, and corresponding to L/B=1, H1/B= 

1, and H2/B= 4. For the case of E1/E2=100 (Figure 5.6(c)), the vertical stress bulb 

corresponding to 0.1q (10% of applied load) is mostly confined to top stiff layer and 

negligible stresses are transferred to the bottom softer layer. While for the case of 

E1/E2=0.01 and 0.5 (Figures 5.6 (a) and 5.6(b)), the top softer layer is subjected to 

significant vertical stresses. Hence, the settlements are higher for the case with lower 

E1/E2 than that with higher E1/E2 for given thicknesses of the soil layers. 
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Figure 5.3. Variation of maximum settlement influence factors with H1/B for 

L/B=1, H2
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Figure 5.4. Variation of maximum settlement influence factors with H1/B for 

L/B=2, H2  
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Figure 5.5. Variation of maximum settlement influence factors with H1/B for 

L/B=5, H2
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Figure 5.6. Vertical stress distribution due to a rectangular loading for L/B=1, 

H1/B=1, H2

(z indicates the depth as given in Figure 2) 

 

For a given L/B and H2/B, the maximum settlement influence factor, Iρ,max, 

decreases with H1/B for E1/E2>1.0 and increases with H1/B for E1/E2<1.0 before 

reaching a plateau. The rate of change in the maximum settlement influence factor, 

Iρ,max, decreases with increase in H1/B. When the bottom layer falls within the 

influence depth of loading, the modulus of the bottom layer will have a bearing on 

the settlement of the layered system. The top layer is likely to fall within the 

influence depth for small thickness of the top layer (i.e. low H1/B values), thus 

effecting significantly the settlements under the load. However, the effect of H1/B 

will be insignificant for higher H1/B values that exceed the influence depth of the 

loading. From Figures 5.3 to 5.5, the thickness of the top layer was found to have 

significant effect on the settlements for H1/B within about 2.5. For example, for 

E1/E2=0.01 and H2/B=1, the percent increase in Iρ,max is equal to 54% for H1/B  

increasing from 0.5 to 1.0, while the increase is only 2% for H1/B increasing from 

4.0 to 6.0 (Figure 5.3(a)). Similarly, for E1/E2=100 and H2/B=1, the percent decrease 

is 50% and 0% as H1/B increases from 0.5 to 1.0 and from 4.0 to 6.0, respectively. 
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5.4.3 Effect of H2/B  

Figure 5.7 shows the variation of maximum settlement influence factor, Iρ,max, with 

the bottom layer thickness ratio, H2/B. For relatively small thickness of the top layer, 

H1/B=0.5, the bottom layer has a significant influence on the settlement of layered 

system for thickness up to 2.5B (i.e., H2/B<2.5). For example, Iρ,max increases by 

36% and 13% corresponding to E1/E2=20 and 0.5 as H2/B increases from 1.0 to 2.0. 

While the corresponding increase is only 10% and 4% as H1/B increases from 3.0 to 

4.0. However, for the case of a relatively thick top layer, the effect of thickness of 

bottom layer on the settlement of layered system is found to be negligible. The 

increase in Iρ,max is within 10% as H2/B increases from 1.0 to 6.0 when top layer is 

relatively thick (i.e., H1/B=4.0). 

 

 

Figure 5.7. Variation of maximum settlement influence factors with H2/B for 

L/B=2 corresponding to H1/B=0.5 and 4.0, 

 

 

5.4.4 Effect of L/B 

Figure 5.8 shows the variation of the maximum settlement influence factor, Iρ,max, 

with L/B. The influence depth increases with increase in L/B and hence, the 

settlement under loaded area of the two-layered system increases with increase in 

L/B. However, L/B is found to have  
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significant effect on the settlement for L/B ratios up to 2.5. For higher L/B ratios 

(L/B > 2.5), the effect is found to be insignificant. Figure 17 shows the variation of 

the maximum settlement influence factor with L/B for H1/B=1, H2/B=4, 1= 2= 0.2 

and 0.35 for E1/E2=0.05, 0.5, 2 and E1/E2=20. The maximum settlement influence 

factor increases by 18% and 70% as L/B increases from 1.0 to 2.0 for E1/E2=0.5 and 

20, respectively. While the increase is only 3% and 2% as L/B increases from 3.0 to 

4.0 and corresponding to E1/E2=0.5 and E1/E2=20. 

 

Figure 5.8. Variation of maximum settlement influence factors with L/B 

corresponding to H1/B=1.0, H2

nd 20 

5.5 Settlement Profiles 

Settlement induced due to load applied on a footing influences the adjoining 

structures. The effect of E1/E2 on the surface settlements are studied by plotting the 

variation of settlement influence factors in x and y directions for the case L/B=2, 

2= 0.2, H1/B=2 and H2/B=4. Figures 5.9 to 5.11 shows the settlement profiles for 

L/B of 1, 2 and 5 in the x and y direction. Figures 5.10 shows the variation of 

settlement influence factor with x/L for different deformation moduli ratios for E1/E2 

< 1. The settlements are found to extend to a larger distance for the case with soft 

layer overlying stiff layer (i.e., decreasing E1/E2). For instance, Iρ= 1.09 for E1/E2 = 
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0.05, while Iρ= 0.25 for E1/E2 = 0.5 corresponding to x/L=1.0. The settlements 

become negligible for x/L = 2.0 and 1.0 for E1/E2 = 0.02 and 0.5, respectively. 

Figures 5.10 shows the variation of settlement influence factor with x/L for E1/E2 > 

1. The surface settlements become more uniform with stiff layer overlying soft layer 

(i.e., high values of E1/E2). Iρ= 0.07 and 0.05 for E1/E2 =100, while Iρ= 0.74 and 0.16 

for E1/E2 =2 at x/L= 0.0 and 1.0, respectively. Figure 5.10 also shows the variation 

of surface settlement influence factor with y/B. The variation of settlement influence 

factor along y direction is found to be similar to that observed along x direction.  

 

 

 

H1/B=2 and H2/B=4 for (a) E1/E2<1.0, and (b) E1/E2>1.0 
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Figure 5.10. Surface settlement influence factors in x and y direction for L/B=2, 

, H1/B=2 and H2/B=4 for (a) E1/E2<1.0, and (b) E1/E2>1.0 

(x and y is measured from the center of loading) 
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Figure 5.11. Surface settlement influence factors in x and y direction for L/B=5, 

, H1/B=2 and H2/B=4 for (a) E1/E2<1.0, and (b) E1/E2>1.0 

(x and y is measured from the center of loading) 
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Chapter 6 

Comparison of Settlement of 

Equivalent Area of Footing 

 

6.1 Introduction 

Settlement analysis is one of the foremost considerations for the failure of the 

structure before construction of the structure. Various studies have proposed 

methods to compute the settlements for various footings and soil conditions. As 

Sieffert
[8]

 however pointed out, due to the presence of various strong computational 

software, results have been proposed by comparing the values from previous studies, 

laboratory results or field results. The results present are for a limited area of 

application and may not be sufficient to be applied for all cases. In case of a 

rectangular footing, results are limited for analysis of rectangular footing. It has 

therefore become a common practice to convert area of rectangular footing into 

equivalent area of footing, typically into square or circular footing. Results 

published by Razouki
[4]

 were for square footing lying on a two layer system with the 

second layer as semi-infinite while Umashankar
[1]

, proposed settlement influence 

factors to determine the settlement for a circular footing on a two layer finite system 

of soil underlain by a rigid base. Entkhur
[2]

, proposed correction factors for 

conversion of rectangular footing to equivalent area of circular footing for a semi-

infinite layer for L/B less than or equal to 2. They also proposed that if the aspect 

ratio, L/B> 2, then shape conversion gives erroneous results and correction factors 

should be introduced if shape is modified. The above examples are restricted only to 

a particular domain of soil condition or thickness of layers and cannot be applied to 

other footing shapes in all conditions. The authors have proposed or considered 
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converting rectangular footing to equivalent area of square or circular footing while 

proposing the settlement influence factors. 

Lots of prominent researchers in the field have also mentioned converting loading of 

other shapes to circular shape with equivalent area and then computed settlement or 

stress in the soil due to the load. Mayne and Poulos
[7]

 have recommended conversion 

of rectangle with sides A and B to a circular of area of (4AB/π) 
1/2

 for computing the 

settlements at the center which is also the maximum settlement of the load on the 

soil. Prakash and Puri
[5]

 state that in case of non-circular footings, equivalent radius 

is assumed. Fellenius
[6]

 mentions that conversion from circular to equivalent 

rectangular footing is also being carried out and this is also applicable for squares. 

Chakraborthy and Kumar
[3]

 have proposed the bearing capacity factors for the 

circular footing and they have mentioned that the bearing capacity factors can also 

be used as a rough estimation of square footings with equivalent area of circular 

footing.  

Enkhtur
[2]

 has mentioned that Mayne and Poulos
[7] 

proposed that for aspect ratio of 

L/B less than or equal to 2, the conversion of rectangular shape of footing to other 

shapes gives almost the same result by studying the strain in the soil. The authors 

had also studied the settlement influence factors for the aspect ratio of L/B greater 

than 2 and they propose that Mayne and Poulos’s proposal overestimates the 

settlement values and the reason for this is that the diameter of the equivalent 

footing is larger than the actual breadth of the footing. Enkhtur
[2]

 also proposed that 

the actual breadth (or diameter) of the footing needs to be considered instead of the 

equivalent breadth (or diameter). All the above authors have done research for a 

semi- infinite soil layer.  

This chapter deals with the influence of shape conversion over settlement when the 

footing is converted from a rectangular footing to an equivalent area of circular or 

square footing. It also analyses the condition that the soil is not semi- infinite but is 

restricted to a particular thickness.   

 

6.2 Problem Definition 



44 

Two types of soil strata are considered in this study: semi-infinite homogeneous 

layer of soil and one finite layer of soil underlain by rigid strata. The layer thickness 

is defined as H and normalized with the breadth and represented as H/B and is 

varied as H/B=1, 2, 3, 4 and 5 in this study. The loading shapes considered in the 

study were rectangular (and square) and circular. A load q is applied on the soil 

strata at the centre. The normalized length, L, of the footing is L/B and the 

equivalent radius of the area of the rectangular footing is established as Re. A 

constant Young’s modulus, E, of 20 MN/m
2
 and Poisson ratio, υ, of 0.2 was 

assumed throughout the study. The maximum settlement and the extent of the 

influence of the settlements are computed from the finite element software and a 

comparison is made for the settlement of the rectangular footing and its equivalent 

area of circular footing. The equivalent radius was found as proposed by Mayne and 

Poulos
[7]

 as stated in the equation below. 

D= 2 Re = (4LB/π) 
½ 

where, Re= equivalent radius of the footing, L= length of the footing and B= breadth 

of the footing 

 

6.3 Results and Discussion 

The analysis was carried out and the maximum settlement influence factors and 

stress distribution contours are discussed for: semi-infinite layer and finite one layer 

system underlain by a rigid base.  

 

Table 6.1: Maximum settlement influence factors and the percentage of variation 

between rectangular and equivalent circular footing for a semi- infinite layer 

Maximum settlement influence factors and variation in % 

Shape L/B= 1 L/B= 2 L/B= 3 L/B= 4 L/B= 5 

rectangle 1.020 1.415 1.513 1.589 1.833 

circle 0.996 1.464 1.748 1.993 2.280 

% variation 2.339 -3.487 -15.507 -25.419 -24.364 

 

6.3.1 Semi-infinite layer 
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Table 6.1 shows the maximum settlement influence factors obtained for a semi-

infinite layer and the percentage of variation comparing the maximum settlement 

influence factors obtained from both rectangular footing and equivalent area of 

circular footing. From the table we can infer that the percentage of variation is 

within 5% for L/B less than or equal to 2 while when the L/B value exceeds 2, then 

the percentage of variation increases and converting the rectangular footing into an 

equivalent circular footing over estimates the settlement obtained. Since the model is 

semi-infinite the thickness of the soil layer does not influence the settlement values. 

The comparison is done for a footing with 150 kPa of pressure, E= 20MPa and 

ν=0.2. Figure 6.1 shows the stress contours for rectangle of dimensions L/B=5 and 

equivalent area of circular footing for E=20 MPa and ν=0.2 for a semi- infinite 

layer. From Figure 6.1, we can see that, 10% of q is attained at a depth of 5.5 times 

H/B in case of circular footing while for a rectangular footing it is 4.75 times H/B. 

However the distribution of contours is different in x direction though they are 

almost constant in the z direction. The extent of stress distribution is very wide in 

case of rectangular footing. The contour in the x direction extends to 2.75 x/B while 

in the rectangular footing of L/B=5, the contour extends to 3.75 times x/B. 

 

Table 6.2: Maximum settlement values and the percentage of variation between 

rectangular and equivalent circular footing for a semi- infinite layer 

Maximum settlement values in m and variation in % 

Shape 

L/B= 1 L/B= 2 L/B= 3 L/B= 4 L/B= 5 

 

=1 

 

=4  =1 

 

=4  =1  =4  =1  =4  =1  =4 

rectangl

e 
0.63 0.93 0.73 1.23 0.61 1.23 0.59 0.00 0.74 0.00 

circle 0.61 0.92 0.83 1.30 0.46 1.03 0.92 0.00 0.96 0.00 

Variatio

n 
3.16 1.36 

-

13.90 

-

5.27 

25.2

1 

16.5

5 

-

57.4

5 

-

29.05 

-

28.91 

-

34.43 
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6.3.2 Finite layer 

From table 6.2, we can see that the percentage of error is more when H/B is 1 when 

compared to H/B=4. We can also see that the percentage of variation is not similar 

for finite layers when compared to the semi-infinite layer, where the percentage of 

error is acceptable when L/B ratio is less than or equal to 2. When H/B=1 and L/B=2, 

the percentage of error exceeds 5% and therefore will not yield acceptable results. 

For rectangular footing the stress distribution is not uniform in both the x and y 

directions. The extent of stress around the footing also varies. This is consistent with 

the fact that the pressure bulb varies for different breadth and shape of the footing.  

 

On comparing the settlement due to a footing with L/B=1 for semi-infinite layer, 

H/B=1 and H/B=4, we can see that the settlement increases as the thickness of the 

top layer increases, as the rigidity provided by the rigid strata at the bottom is 

replaced by the soil of lesser modulus of rigidity. However this is not the case with a 

circular footing. In circular footing, the settlement obtained for H/B= 4 and semi-

infinite is almost the same, as the pressure bulb formed doesn’t extend more than 

H/B=4.  

 

   

Figure 6.1: Stress distribution contours for L/B= 5 on a semi- infinite layer with (a) 

equivalent circular footing and (b) rectangular footing in x direction for q=150 kPa, 

E=20 MPa and ν=0.2 

(a) (b) 
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Figure 6.2: Stress distribution contours for L/B= 5 on finite layer for H/B=1 with 

(a) equivalent circular footing and (b) rectangular footing in x direction for q=150 

kPa, E=20 MPa and ν=0.2 

 

Figures 6.2 and 6.3 shows the stress contours for rectangle of dimensions L/B=5 and 

equivalent area of circular footing for E=20 MPa and ν=0.2 for finite layer with 

H/B= 1 and 4. Comparing the figures we can see that the stress distribution is wide 

spread in H/B=1 as the layer thickness is very small. 

 

The conversion of square footing into an equivalent area of circular footing does not 

yield much variation in result. This might be because both the footings are axis 

symmetric, and therefore the area of influence around the footing and pressure bulb 

almost remains constant. From Figure 6.4, we can see that the conversion of square 

footing to an equivalent area transfers from the white region in the image to the 

black areas when converted to circular footing. The change in the area of load 

applied is minimum and therefore the conversion can be carried out in case of square 

footings with minimum error. From table 6.3, we can see that the percentage of 

variation between the maximum settlement influence factors for circular and square 

footing is acceptable. 
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Figure 6.3: Stress distribution contours for L/B= 5 on finite layer for H/B=4 with 

(a) equivalent circular footing and (b) rectangular footing in x direction for q=150 

kPa, E=20 MPa and ν=0.2 

 

 

Figure 6.4: Square footing converted to equivalent area of circular footing 

 

 

Table 6.3: Maximum settlement values and the percentage of variation between 

rectangular and equivalent circular footing 

Rectangul Equivale Semi Infinite Finite Layer 
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ar Footing 

Dimension 

m
2
 

nt 

Area 

for 

Square 

and 

Circle 

Layer H/B=1 H/B=4 

Iρ,ma

x 

% 

variatio

n 

Iρ,max 

% 

variatio

n 

Iρ,max 

% 

variatio

n 

2x1 

square 1.46 

-0.274 

0.993 

-5.168 

1.373 

-1.553 
circle 

1.46

4 
1.045 1.395 

5x1 
square 

2.27

1 -0.411 
0.002 

-5.979 
0.002 

-1.951 

circle 2.28 0.002 0.002 

 

6.4 Comparison between Rectangular and Circular Footing 

Conversion of a footing into equivalent area of footing and analyzing is applicable 

only if 

1) The soil is a semi-infinite strata and  

2) the footing has L/B ratio less than or equal to 2 

It is also to be noted that conversion of circular footing to equivalent area of square 

footing or vice versa always gives results within acceptable errors. When the top 

layer thickness is less than the influence of the pressure bulb of either footing for a 

footing (or equivalent area of footing) with one finite layer of soil, then the 

conversion factor will not generally work. 
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Chapter 7  

 

Rigidity of the Footing 

 

7.1 Introduction  

Foundations in general are neither perfectly rigid nor flexible. In cases of single 

reinforced isolated footings, the footings behave more like a rigid footing while in 

the case of mat foundations, they behave more like a flexible footing. Analysis of 

both extreme cases will help understand the general behaviour. Settlements under 

the footing will be uniform in the case of rigid footing while the stress will vary with 

the contact stress distribution. The contact stress differs for sand and saturated clay 

layers. Sands have higher contact stress towards the centre and peaks at the centre. 

For saturated clays the stiffness below rigid footing remains almost constant and 

therefore generally assumed uniform. However, the stiffness of the footing can be 

explained in terms of relative stiffness(Kr) as defined by Meyerhof(1953) in 

equation 14. The equation explains if the footing is to be designed as rigid or 

flexible  taking into account  E’IF is the flexural stiffness of the foundation, E’Ib’ is 

the flexural stiffness of individual framed member, tw is the thickness of the walls, 

hw is the height of the walls and  is the flexural stiffness of shear wall and 

  

                          

(14)            

 Whitman and Richart proposed settlement influence factor, βz, for rigid footings on 

a semi-infinite homogeneous layer of soil for rectangular footings of different 

dimensions to determine the settlement values. The factor, βz, depends on the aspect 
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ratio, L/B of the footing. Sovinc proposed the solutions for a rigid footing on a finite 

layer of soil by proposing a settlement factor β, where β depends on the aspect ratio, 

L/B, and the normalised thickness of the layer with respect to the length of the 

footing, H/L. The US Navy Soil and Foundation design manual has also proposed 

the settlement influence factor for both semi-infinite and finite layer of soil. They 

have given the settlement factors for both rigid and flexible footings at the centre 

and the corners for rectangular footing for various dimensions. In the case of finite 

layer of soil, the values proposed are for Poisson ratio of either 0.33 or 0.5. The 

above descriptions are for soils with semi-infinite layers of homogeneous soil or 

single, finite layer of soil underlain by a rigid base. However in reality, the soil does 

not always occur homogeneous or for a finite layer thickness. This chapter proposes 

the settlement factors for a finite layer of soil and two layered system of soil 

underlain by a rigid base.  

 

7.2 Problem Definition 

 

Fig. 1 Model of soil for a) finite layer of soil and b) two layer soil system underlain 

by a rigid base 

A prescribed displacement of rectangular area is induced by applying a load ‘q’ on a 

plate of dimensions L and B, where L is the length of the footing and B is the width 
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of the footing. The settlement of two-layered system due to rigid rectangular loading 

can be represented as shown in equation 1 

                          

(Eq. 1) 

where, ρ is the settlement of rigid rectangular footing under an applied load of 

intensity equal to q, B is the width of the footing, ν is the Poisson ratio of the soil 

and E2 is the deformation moduli of the bottom layer and I, r is the settlement 

influence factor can be obtained from the graphs presented in the paper for rigid 

footing. 

 

7.2.1 Finite Layer of Soil 

The thickness of the soil is defined as H with the elastic deformation properties; the 

deformation modulus and the Poisson ratio are defined as E and ν, respectively. 

7.2.2 Two Layer Soil System 

The thicknesses of the top and bottom layers are H1 and H2 respectively in a two 

layer soil system. The elastic deformation properties, deformation modulus and the 

Poisson ratio are E1, ν1 and E2, ν2 respectively. The settlement influence factor for 

rigid footing is obtained. They are compared with the settlement influence factors 

obtained for flexible footing. 

 

7.3 Finite Element Model 

Finite Element analysis (FEA) is used to analyse the settlement influence factor, Iρ, r, 

using PLAXIS 3D version 2013. Linear elastic model was considered for the soil 

layers. 10 noded triangular elements were used. Convergence study was done for 

both meshing and boundary distance. Fine refinement was chosen with local volume 

refinement of 0.125 times the element size. The boundary distance was chosen as 61 
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times the width of the footing.  In Figure 78, the model depicted has 298872 soil 

elements with average element size as 0.3865 m with maximum element size 

approximately 3.175m and minimum size values up to 0.101m. Boundary condition 

at the top of the model is free in all directions while it is fixed in all directions in the 

bottom. The boundary conditions parallel to the length of the footing are fixed in the 

y direction i.e. uy=0 and the boundary condition parallel to the breadth are fixed in 

the x direction i.e. ux=0. Automated boundary condition in PLAXIS 3D is adopted, 

which satisfies our problem requirement.  

 

Figure 78 Finite Element Model for L/B=5, H1/B=6, H2/B=6, E1/E2=100 as in 

PLAXIS 3D v 2013 for a two layer soil system 

7.4 Validation 

Prior to performing study on the finite layer and two layer, validation was performed 

for semi-infinite layer using the results published by the US Navy manual. From 

figure 3, it can be concluded that the values obtained through Finite Element 

Analysis (FEA) correlates with the values stated in the US Navy manual. The 

correlation with respect to Whitman and Richart is satisfactory except for the value 

corresponding to L/B=1.  
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Figure 3 Validation for a Semi-Infinite Layer of Soil 

 

7.5 Results and Discussion 

Settlement influence factors for rigid footing has been proposed for infinite layer of 

soil, finite layer of soil with a rigid layer at the bottom, and two layer soil system 

underlain by a rigid layer. Settlement influence factor for rigid footing, Iρ,r, has 

been proposed in the form of charts by varying L/B=1,2 and 5, E1/E2=0.01, 0.1, 0.5, 

2, 10 and 100, H1/B=0.5,1, 2, 4 and 6, H2/B=1,2, 4 and 6, and H/B= 1, 2, 4 and 6. 

Figure 2 shows the settlement influence factors Iρ,r, for a finite layer of soil. 

  



55 

 

Figure 2 Settlement Influence Factor for Rigid Footings with Finite Layer of Soil 

 

7.5.1 Finite Layer of Soil 

The thickness of the top layer influences the settlement influence factor to a certain 

extent. The influence is generally valid if the thickness of the footing is very close to 

the influence depth of the particular footing, which in turn is dependent on the 

aspect ratio of the footing.  

7.5.1.1 Influence of L/B ratio 

From figure 2, it can be understood that the influence factor increases as the L/B 

ratio increases for a finit layer of soil underlain by a rigid base. 

7.5.1.2 Influence of H/B 

As H/B increases, the influence factor increases. However the rate of increase is 

dependent on the depth of influence for a particular aspect ratio of the footing. For 
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example, in figure 2, for L/B=1, the rate of increase becomes minimal at the point of 

H/B=2.5, while for L/B=2, it reaches at around H/B=4. 

 

7.5.2 Two Layer Soil System 

7.5.2.1  Influence of L/B 

As with the case of finite layer, in two layer soil system the settlement influence 

factor increases as the L/B value increases. For example, for L/B=1 and 2, for 

H1/B=2 and H2/B=2 and E1/E2=0.01, it can be observed that the value varies by 16% 

while between L/B=2 and 5 for the same parameters, the variation is 10.6% 
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Figure 5 Settlement influence factor for rigid footing for L/B=1 for (a) H2/B=1, (b) 

H2/B=2, (c) H2/B=4 and (d) H2/B=6 for various H1/B and E1/E2 values 

 

7.5.2.2  Influence of E1/E2 

The ratio E1/E2 refers to the relative stiffness of the soil of the top to the bottom 

layer. From the figures 5 to 7, as E1/E2 increases then the settlement influence factor 

decreases. From Figure 5(a), for L/B=1, H1/B=2, H2/B=1 for E1/E2= 0.1 and 

E1/E2=0.5, it can be seen that the settlement influence factor decreases at the moduli 

ratio increases by 378% and between E1/E2= 0.01 and E1/E2=0.1, it is 897%. The top 

layer becomes stiffer when compared to the bottom layer as E1/E2 increases. 

Therefore the settlement decreases as the top layer becomes stiffer.  
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Fig. 6 Settlement influence factor for rigid footing for L/B=2 for (a) H2/B=1, (b) 

H2/B=2, (c) H2/B=4 and (d) H2/B=6 for various H1/B and E1/E2 values 

 

7.5.2.3  Influence of H1/B 

From figure 5, as H1/B value increases the settlement increases for E1/E2<1, while it 

decreases for E1/E2>1. For example, in the same figure, for L/B=1, E1/E2=0.01, 

H2/B=1, as H1/B varies from 0.5 to 1, the settlement factor increases by 51% while 

for E1/E2=10, the value decreases by 31%. As the top layer is stiffer for E1/E2>1, as 

the thickness of the top layer increases, more resistance is offered by the top layer 

due to its stiffness. Similarly, for E1/E2<1, the top layer becomes less stiff, and 

therefore as the thickness increases, the resistance offered by the top layer is less.  
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Figure 7 Settlement influence factor for rigid footing for L/B=5 for (a) H2/B=1, (b) 

H2/B=2, (c) H2/B=4 and (d) H2/B=6 for various H1/B and E1/E2 values 

 

From the graphs, it is inferred that the rate of change decreases as H1/B value 

increases. For example, from figure 5, for L/B=1, E1/E2=0.1, H2/B=1, the variation 

between H1/B=0.5 and H1/B=1 is 51% while between H1/B=4 and 6, the variation is 

reduced to 5%. The reduction in the rate of change, either increase or decrease, is 

due to the fact that, as the top layer thickness increases, the strata behaves more like 

a one finite layer of soil and the influence of the bottom layer is eliminated, more so 

in the case of top layer having more stiffness. 

 

7.5.2.4  Influence of H2/B 

From figure 5 (a) and (b) as the H2/B ratio increases, the settlement influence factor 

also increases. For example, as H2/B ratio increases from 1 to 2 for L/B=1, 

E1/E2=0.5, H1/B= 0.5, the settlement influence factor increases by 1%. As the H1/B 

value increases, the influence of H2/B decreases. The influence of the bottom layer 

decreases as the top layer stiffness increases: the factor more prominent when the 

top layer is stiffer.  

 

7.6 Comparison 

Figure 8 shows the comparison between the data obtained for rigid and flexible 

footing at the centre of the footing. As expected the settlement of the flexible footing 

is a little higher when compared to the settlement of the rigid footing at the centre. 

In flexible footings, the settlement at the centre is the maximum while it tapers at the 

extremes while in rigid, an average settlement is expected throughout the footing.  
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Figure 8 Comparison of settlement factors between rigid and flexible footing for 

L/B=2, H2/B=4 for various H1/B values 
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Chapter 8 

Depth of Embedment 

8.1 Introduction 

Footings, in general, are founded inside the soil with an exception for machinery 

foundations, which are at the surface. The analysis methods proposed therefore 

should take into consideration the depth of embedment of the footing. Various 

analytical solutions proposed by researchers took into consideration the depth as 

explained in the literature review. In general, the soil above the footing was 

considered as surcharge and the stress distribution was considered according to 

depth at which the footing is embedded. However, when considering the settlement 

of the footing on a two layered soil system underlain by a rigid base, converting the 

soil above the footing to a surcharge may not be possible due to variation in the soil 

properties. The distribution of the stress below the footing cannot be considered 

directly understandably due to variation of properties below the footing. The 

thickness of the layers below the footing also plays a significant role in the 

distribution of the stress below the footing.  

Researchers like Groth and Chapman(1969), Fox(1948) and Burland(1970) have 

done a serious analysis considering the settlement when the footing is embedded at a 

particular footing. However all the analysis carried out by the researchers are for 

semi-infinite layer of soils.  

 

8.2 Problem Definition 

A uniform rectangular load of intensity ‘q’ acts on a two-layered soil system 

underlain by a firm stratum. The rectangular area of load is defined by the 

dimensions L and B at a depth D normalised with the breadth of the footing, B. The 
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thicknesses of the top and bottom layers are H1 and H2, respectively as shown in 

figure 8.1. The objective of the study is to analyse the maximum settlement 

influence factors at the centre of the footing embedded at a depth. Influence factors 

are introduced to include the effects of the depth of embedment influencing the 

settlement. The influences of the factors are studied independent of the other 

influencing factors. In addition, the settlement profiles in both x and y directions are 

also presented. The vertical variation of the settlement is also presented to 

understand the effect of displacement profile for a two layered soil system.  

 

 

Figure 8.1 Schematic Diagram for a Rectangular Footing to analyse the Depth of 

Embedment 

 

8.3 Validation 

Trow and Bradstock (1972) studied the settlement of caisson and raft foundations 

for Leaside Towers in Metro Toronto, Ontario, Canada. It is a 43-storeyed structure 

consisting of two towers, one tower is supported on a caisson foundation and the 

other on a raft foundation. In this study, the settlement of raft foundation is 
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considered to validate the finite element model. Raft consisted of three parts 

connected to each other by construction joints and was placed at a depth of 5m from 

the ground surface. The raft footing was founded on 4m-thick medium sand 

underlying 13m-thick clayey silt till and 17m-thick silt and silt till deposit below the 

level of the footing asdefined in Chapter 5 validation. The maximum settlement of 

the raft footing was intepolated from the measured settlements values and was 

obtained as 39.3 mm. 

 

Considering the dimensions of the raft foundation, we have obtained the ratios as 

L/B = 2.72, H1/B=0.5, H2/B=0.54 and E1/E2=0.502. The value of Poisson’s ratio of 

soil layers was assumed to be equal to 0.25 (Enkhtur et al. 2013). The maximum 

settlement equal to 38.6 mm was obtained from the finite element model considered 

in this study, a difference of 2% from the measured value. This could be due to the 

fact that the raft was assumed to be a single continuos raft while in reality it 

consisted of three parts connected by construction joints.  

 

The settlement of layered soil system from the finite element model was found to 

compare very well with the measured settlement of footings reported in the case 

study. The same finite element model was used to further carry out an extensive 

parametric study. Based on the finite element analysis, the settlement influence 

factors were deduced and presented for a wide range of geometric and elastic 

properties of the layered soil system. Results in the form of charts and the effects of 

various parameters on the maximum settlements and surface settlement profiles for 

rectangular loading are discussed next.  

 

8.4 Settlement Influence Factors at Depth of Embedment 

The settlement influence factors at the depth of embedment were analysed for 

normalised depth of embedment, D/B of 0.2, 0.5 and 1 and parametric study was 

carried out as already discussed in Chapter 5. The interdependency of the already 

defined parameters have been defined in detail in Chapters 5 and 6. Charts 

representing settlement influence factors dependent on the depth of embedment are 
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represented from figures 8.2 to 8.10. The values for a footing embedded at a 

particular depth can be interpolated from the graphs presented. Figures 8.11, 8.13, 

8.15 and 8.17 show the settlement profile at the surface of the footing embedded at a 

depth of 0.2, 0.5 and 1 from the surface of the soil for two thicknesses of the top 

layer, H1/B of 1 and 4 and bottom layer thickness of H2/B=4. Figures 8.11, 8.13, 

8.15 and 8.17 show the settlement profile at the surface of the footing embedded at a 

depth of 0.2, 0.5 and 1 from the surface of the soil for two thicknesses of the top 

layer, H1/B of 1 and 4 and bottom layer thickness of H2/B=4. Figures 8.12, 8.14, 

8.16 and 8.18 show the settlement profile at the depth of embedment of the footing 

embedded at a depth of 0.2, 0.5 and 1 from the surface of the soil for two 

thicknesses of the top layer, H1/B of 1 and 4 and bottom layer thickness of H2/B=4, 

respectively. The extent of settlement at the surface and the depth of embedment can 

be studied from the above-mentioned graphs. Comparing graphs from figures 8.11 

and 8.12, we can see that the settlement at the depth of embedment is higher when 

compared to the settlement at the surface.  
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Figure 8.2 Settlement influence factor for D/B=0.2 for L/B=1 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 

 

Figure 8.3 Settlement influence factor for D/B=0.2 for L/B=2 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 
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Figure 8.4 Settlement influence factor for D/B=0.2 for L/B=5 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 
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Figure 8.5 Settlement influence factor for D/B=0.5 for L/B=1 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 

 

Figure 8.6 Settlement influence factor for D/B=0.5 for L/B=2 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 
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Figure 8.7 Settlement influence factor for D/B=0.5 for L/B=5 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 
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Figure 8.8 Settlement influence factor for D/B=1 for L/B=1 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 

 

Figure 8.9 Settlement influence factor for D/B=1 for L/B=2 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 
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Figure 8.10 Settlement influence factor for D/B=1 for L/B=5 for (a) H2/B=1, (b) 

H2/B=2 (c) H2/B=4, (d) H2/B=6 
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Figure 8.11 Surface Settlement Influence Factor Profile for D/B=0.5 for L/B=2, 

H1/B=1 and H2/B=4 in the x and y direction 

 

Figure 8.12 Settlement Influence Factor Profile at D/B=0.5 for D/B=0.5, L/B=2, 

H1/B=1 and H2/B=4 in the x and y direction 
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Figure 8.13 Surface Settlement Influence Factor Profile for D/B=0.5 for D/B=0.5, 

L/B=2, H1/B=2 and H2/B=4 in the x and y direction 
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Figure 8.14 Settlement Influence Factor Profile at D/B=0.5 for L/B=2, H1/B=2 and 

H2/B=4 in the x and y 

direction

 

Figure 8.15 Surface Settlement Influence Factor Profile for D/B=1 for L/B=2, 

H1/B=1 and H2/B=4 in the x and y direction 
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Figure 8.16 Settlement Influence Factor Profile at D/B=1 for D/B=1 for L/B=2, 

H1/B=1 and H2/B=4 in the x and y direction 
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Figure 8.17 Surface Settlement Influence Factor Profile for D/B=1 for L/B=2, 

H1/B=2 and H2/B=4 in the x and y direction 

 

Figure 8.18 Settlement Influence Factor Profile at D/B=1 for D/B=1 for L/B=2, 

H1/B=2 and H2/B=4 in the x and y direction 
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Figure 8.19 Comparison of Settlement Influence Factor for various Depths of 

Embedment for E1/E2=0.1 and 10, for L/B=2, H1/B=1 and H2/B=4 

Figure 8.19 shows comparison of the effects of the depth of embedment for D/B of 

0.2, 0.5 and 1 for parameters of L/B=2, H1/B=1 E1/E2=0.1 and 10, and H2/B=4. 

From the graph we can see that as the depth of embedment increases, the settlement 

decreases. The decrease in settlement is more pronounced when the top layer is less 

stiff. The stiffer layer provides more resistance and therefore the depth of 

embedment is less effective. The rate of change increases for lower stiffness ratio, 

i.e. the top layer is less stiff. For a D/B of 0.2, the settlement can be studied from the 

initial thickness of the footing, while for D/B=1, the settlement factor is very less 

until the thickness of the footing reaches depth of embedment.  
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Figure 8.20 Vertical Variation of Displacement along the z direction for various 

Depths of Embedment for E1/E2=0.01, 100, H1/B=1 and H2/B=4  

 

8.5 Settlement at the Centre along the Depth 

The variation of settlement along the depth at the centre of the footing can be 

understood from figure 8.20, where settlements along the depth are plotted for 

various D/B values for two cases of E1/E2 less than and greater than 1. The 

settlements are compared to the settlements obtained when the footings are placed at 

the surface of the footing. The model dimensions are kept as a constant to fully 

understand the influence, the depth of embedment has on settlements.  

 

Figures 8.20(a), (b), (c) and (d) represent the settlements for E1/E2 less than 1. Since 

the top layer is easily compressible, the settlements are seen to in the top layer of the 

soil for the cases of D/B=0, 0.2 and 0.5. However for the case of D/B=1, we can see 
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that the footing comes to rest in the top of the bottom layer of the footing and all the 

impact is seen mostly on the bottom layer of the soil. We can also see that the 

settlements obtained is 0.085 times the settlement obtained at the surface in this 

condition. The stiffer layer takes the load incurred by the soil and therefore the 

settlement values are found to be very less.  

 

Figures 8.20(e), (f), (g) and (h) represent the settlements for E1/E2 more than 1. 

Since the top layer is stiffer, the settlements are seen to in the top layer of the soil for 

all the cases, however, the settlements are seen to extend into the bottom layer too. 

The less stiff layer compresses due to the load taken by the soil layers and the stiffer 

layer as surcharge, however, the effect of the applied load is lessened by the 

presence of the top layer. We can also see that the settlements obtained is half the 

settlement obtained at the surface in the condition of D/B=1. The stiffer layer takes 

the load incurred by the soil but the displacements are still found in the bottom layer 

in this case.  
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Chapter 9 

Conclusions 

In this study, the settlements of the two layered soil system underlain by a rigid base 

for a rectangular footing was analysed using PLAXIS 3D for a wide range of 

geometric and soil properties. Validations are provided and the result obtained from 

validation are in good agreement with the results proposed.  

 

The effect of Poisson’s ratio is analysed for all the conditions and the results are 

compared with the analytical solutions obtained by Razouki(2009) approximated 

from Boussinesq’s equation as defined in Chapter 4.  

 The effect of Poisson’s ratio is very minimal in linear elastic study as the 

value obtained is very close to the results obtained.  

 The effect, if needed, can be taken into consideration by the approximation 

solution defined by Razouki(2009) 

 The approximations are valid only if the top and the bottom layers have the 

same Poisson’s ratio 

 

 

Settlement of a finite two-layered soil system due to uniform rectangular loading is 

obtained using finite elements for a wide range of geometric and soil properties in 

Chapter 5.  

 The settlements from the proposed finite element model are validated and 

found to be in good agreement with the field measurements on building sites 

located in Adelaide, Australia, and Ontario, Canada.  

 Both the cases of a soft layer overlying a stiff layer (E1/E2 < 1.0) and a stiff 

layer overlying a soft layer (E1/E2 > 1.0) are considered.  
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 Design engineers can use the settlement influence factors proposed in the 

form of charts to estimate the settlement at the centre of the loading.  

 For uniformly loading on rectangular area, the aspect ratio of the area higher 

than 2.5 (i.e., L/B > 2.5) was found to have an insignificant effect on the 

settlement influence factor at the centre of loading of the layered system.  

 The thickness of the top layer was found to have significant effect on the 

settlements for H1/B within about 2.5, hence the rate of change of maximum 

settlement influence factor with H1/B becomes negligible for H1/B > 2.5.  

 The settlement influence factor was found to decrease only slightly with 

increase in the Poisson’s ratio.  

 The extent of surface settlement of layered system is presented by plotting 

the variation of surface settlement influence factors in x and y directions. 

The settlements are found to extend to a larger distance for the case with soft 

layer overlying stiff layer. 

 

Conversion of area of rectangular footing into equivalent area of circular footing 

was analysed as proposed by various researchers as explained in Chapter 6.  

 The conversion is valid if and only if,  

o The soil is a semi-infinite strata and  

o The footing has L/B ratio less than or equal to 2 

 It is also to be noted that conversion of circular footing to equivalent area of 

square footing or vice versa always gives results within acceptable errors. 

 When the top layer thickness is less than the influence of the pressure bulb of 

either footing for a footing (or equivalent area of footing) with one finite 

layer of soil, then the conversion factor will not generally work.  

 

The settlement influence factors have been introduced for rigid footing for finite 

layer underlain by a rigid base and a two layered soil system underlain by the rigid 

base in Chapter 7.  
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 Validation was done was results proposed by US Navy Manual() for an 

infinite layer of soil layer and found to be in good agreement. 

 Settlement influence factors were proposed in the form of charts for rigid 

footings for varying dimensions and properties.  

 The factors were compared to the factors for a flexible footing of a 

particular set of parameters.  

 

Settlement of a finite two-layered soil system due to uniform rectangular loading 

embedded at a certain depth is obtained using finite elements for a wide range of 

geometric and soil properties in Chapter 8.  

 The settlements from the proposed finite element model embedded at a depth 

are validated and found to be in good agreement with the field measurements 

on building in Ontario, Canada.  

 Both the cases of a soft layer overlying a stiff layer (E1/E2 < 1.0) and a stiff 

layer overlying a soft layer (E1/E2 > 1.0) are considered.  

 Design engineers can use the settlement influence factors proposed in the 

form of charts to estimate the settlement at the centre of the loading at a 

depth.  

 The extent of surface settlement of layered system is presented by plotting 

the variation of surface settlement influence factors in x and y directions. 

The settlements are found to extend to a larger distance for the case with soft 

layer overlying stiff layer. 

 From the results presented, we can see that as the depth of embedment 

increases, the settlement decreases. The decrease in settlement is more 

pronounced when the top layer is less stiff.  

 The effect of the embedded load is also studied along the z direction and 

compared with the settlements obtained for loading at the surface.  

 

The design charts proposed help designers determine the maximum settlement 

incurred and the extent of influence of the particular loading in the x and y direction. 
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Various other conditions have also been incorporated, like the depth of embedment 

and rigidity of the footing, necessary for the engineer to design without 

approximating the given parameters. The charts are proposed for a wide range of 

geometric and physical properties, from which the other values can be interpolated. 

The validations and the limitations of various cases have also been discussed.  
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