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ABSTRACT 

 

Shallow foundations are widely used in different types of soils for supporting the loads 

from the lightly loaded superstructures of various civil infrastructures both on level and 

sloping ground. Design of shallow foundations in geotechnical engineering practice is 

widely based on the principles of saturated soil mechanics because they are relatively 

simple. However, the soil near the ground surface (i.e., vadose zone) in which the shallow 

foundations are typically placed is in an unsaturated state. The water content variation in 

unsaturated soils is influenced by hydrological events such as the snow melt, rainfall 

infiltration, evaporation, and the plant transpiration. Due to this reason, the hydro-

mechanical properties (i.e., coefficient of permeability, shear strength and volume change) 

of unsaturated soils are sensitive to the variation in soil suction associated with water 

content changes. These properties in turn have a significant impact on the bearing capacity 

and settlement behavior of the shallow foundations. Therefore, it is rational to investigate 

shallow foundations’ behavior extending the principles of unsaturated soil mechanics.  

During the last two decades, there has been a significant interest towards investigating 

shallow foundations based on unsaturated soil mechanics. Laboratory, field, and model 

studies highlight that matric suction variation in unsaturated soils has a significant 

influence on the bearing capacity and settlement behavior of shallow foundations. However, 

the focus of most of the presently available studies in the literature consider mostly vertical 

loading conditions on level soil ground. There are limited studies related to the design of 

shallow foundations on sloping ground and subjected to inclined and eccentric loading 

conditions. Also, there are only few studies that consider the effect of the steady state and 

transient flow conditions on the foundation bearing capacity evaluation. Therefore, one of 

the key objectives of this thesis is directed toward developing rational tools for 

investigating shallow foundations considering the steady state and transient flow 

conditions associated with water infiltration and evaporation in unsaturated soils. 

Comprehensive investigation studies are undertaken to interpret the influence of the steady 

state and transient flow conditions on the shallow foundations related to: (i) bearing 

capacity on the sloping ground in different types of soils including expansive soils, and (ii) 

bearing capacity under the inclined and eccentric loading conditions with homogeneous 
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soil properties and considering spatial variation of soil properties. Succinct details related 

to investigated studies are summarized below: 

 (1) An analytical method is proposed for quantifying the bearing capacity of the 

shallow foundations on unsaturated soil slopes considering different rainfall infiltration 

conditions. The proposed method is a novel tool for considering the simultaneous influence 

of several parameters that include the flow rates, the infiltration duration, the foundation 

set-back distance and the ground water table depth on the foundation bearing capacity.  

(2) Another analytical method is proposed for evaluating the foundation bearing 

capacity under inclined and eccentric loading considering both the steady state and 

transient flow conditions. Semi-empirical equations are proposed for describing the failure 

envelops in vertical and horizontal (V - H) loading space and in the vertical and moment 

(V - M) loading space. These equations are capable to describe the variation of failure 

envelops considering the influence of the groundwater table depth variation, internal 

friction angles, surface flux boundary conditions and different infiltration durations. 

(3) The influence of infiltration on the combined performance of both the foundation 

and the slope in cracked expansive soils is evaluated with the aid of a numerical technique. 

A semi-empirical model that describes the elastic modulus and the matric suction is 

implemented into the numerical model. Bimodal soil water characteristic curve is used as 

a tool for understanding the influence of surface cracks in the numerical study in a 

simplified manner. The influence of the rainfall intensity, rainfall duration, foundation 

setback distance and foundation loading on the combined performance of foundation and 

slope were investigated. Results combined with some suggestions for rational design 

procedures are presented that can be useful for geotechnical engineers in practice 

applications.  

(4) Numerical analyses are conducted for shallow foundations under vertical and 

combined loading subjected to different flow conditions. A numerical code procedure is 

exclusively developed as a part of this study to: (i) consider the variation of soil properties 

along with the matric suction fluctuations in the commercial software ABAQUS with the 

aid of a user developed subroutine USDFLD; (ii) incorporate the spatial variability of soil 

properties into the finite element model. Comparisons are provided between the numerical 

study and other methods such as the experimental investigations, the analytical methods, 
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and the semi-empirical equations for bearing capacity failure envelopes. In addition, 

comparisons are also made between the failure envelopes and the failure mechanisms 

contour using the model considering soil spatial variability and homogeneous soil 

properties. 

The proposed methods in this thesis are simple to use for evaluating bearing capacity 

of shallow foundations that are subjected to steady state and transient state flow conditions 

considering two scenarios: (i) foundation on sloping ground (ii) foundation under inclined 

and eccentric loading. The results from the above studies reveal that it is the relationship 

between the soil permeability and the rainfall characteristics that mainly control the water 

infiltration rates. The soil suction and the effective degree of saturation are influenced by 

the water infiltration rates and have a significant impact on the foundation as well as the 

slope behavior. More importantly, the investigations undertaken in this thesis contribute 

towards addressing the research gaps related to the behavior of foundations in unsaturated 

soils. Various scenarios considered in this thesis include the influence of unsaturated flow 

have not been considered earlier in the literature. The results of the studies summarized in 

this thesis are expected to be useful for practicing geotechnical engineers in the optimal 

design of shallow foundations extending the principles of unsaturated soil mechanics for 

various soils. Moreover, the proposed methods can be used for interpreting the foundation 

behavior for their entire life span service. In addition, these methods can be employed to 

rationally explain the field-measured data and can also be used in the forensics analyses of 

failed slopes and shallow foundations. 
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CHAPTER 1 

Introduction 

 
1.1 Background 

Foundations typically serve as a substructure to carry different types of loads from the 

superstructure to the soil below safely alleviating problems associated with stability and 

excessive settlement. Several billions of dollars are spent annually towards the design and 

construction of shallow foundations in various types of soils all over the world (Tang 2018). 

Traditionally, design of foundation is based on shear strength parameters of saturated soils. 

For example, several investigators (Terzaghi 1943, Skempton 1948, Meryerhof 1963, 

Hansen 1970, Vesic 1973) have proposed bearing capacity equations considering saturated 

soil conditions that are commonly used in the design of foundations. However, more than 

40% of the earth surface soil constitutes of semi-arid and arid regions where the 

groundwater table is at a greater depth and the soil above it is typically in a state unsaturated 

condition, (Fredlund 1996, Khalili et al. 2000). Due to this reason, foundations are widely 

constructed partly or fully in unsaturated soils for their entire service life as shown as Fig. 

1.1. The design protocols that are based on the saturated soil mechanics are conservative 

for most scenarios that are considered in conventional engineering practice. However, it is 

also important to understand the foundation behavior when soils are in a state of 

unsaturated condition, especially considering the rigorous influence of climatic factors. 

Such a background is valuable to assess the service state of the foundation or slopes 

considering the anticipated challenges associated with global warming effects. Research 

studies in this direction would be able to provide rational techniques for the interpretation 
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of the foundation behaviors on sloping ground. A comprehensive background of the 

principles of unsaturated soil mechanics is required for achieving this objective. 

 

Fig. 1.1 Pore water pressure distribution profiles in unsaturated soil 

 

The soil behavior in unsaturated conditions is significantly different from saturated 

soils due to the presence of more than one fluid phase (i.e., water and air in the soil as 

shown in Fig. 1.1). The pore water pressure (PWP) in unsaturated soil zone is negative. 

Typically, the pore-air phase within the unsaturated soil zone is continuous; due to this 

reason, the negative PWP with respect to atmospheric pressure is a positive value and is 

referred to as matric suction, more specific is called capillary suction (Lu 2016). In this 

thesis, adsorption contribution is not considered, which is of importance only in the high 

suction range. This is because the focus of the investigations of this thesis is limited to 

matric suction changes associated water content variation in the liquid phase in unsaturated 

soils. The matric suction variation is linear with respect to depth when it is in equilibrium 

condition of zero moisture flux at the ground surface (Fredlund et al. 2012, the hydrostatic 

line in Fig. 1.1). This is a typical initial PWP distribution profile assumption used in many 
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studies (Zhan and Vanapalli 2012, Han et al., 2014, Tang and Senetakis 2018, Jeong et al. 

2018). However, environmental factors play a vital role on the PWP distribution within the 

surficial unsaturated soil zone. The evaporation of water from the soil and transpiration of 

the vegetative cover both cause the PWP to be more negative (matric suction increases, see 

Fig. 1.1). However, the PWP increases (matric suction decreases) due to the influence of 

water infiltration associated with precipitation (see Fig. 1.1). As a result, the soil volume 

and shear strength will vary with the PWP variation. Shrinkage and swelling can also be 

found in soils that are expansive in nature due to the PWP variations. The reduction of 

matric suction (increasing PWP under water in filtration process) can result in the decrease 

in the shear strength of unsaturated soil, and the shear strength in turn will have a negative 

effect on the foundation bearing capacity and settlement behavior.  

Research studies during the last decade suggest a likelihood of increase in the 

temperature and precipitation in comparison to present averages associated with global 

warming in several regions of the world (Chou and Lan 2012, Yoo 2013, IPCC 2018). 

Report of IPCC (2019) points out that the mean global land surface air temperature has 

increased by 1.53 ˚C (it is estimated to be in the range in 1.38 ˚C - 1.68 ˚C) from 1850-

1900 to 2006-2015. The frequency and intensity of the precipitation and drought weather 

may increase because of the global warming (IPCC 2019). Therefore, increase in landslides, 

debris flow and other hazards may be associated to these likely extreme weather conditions. 

As a result, annual casualties and economic losses may be expected increase in future. The 

design of foundations for geo-infrastructures based on the conventional saturated soil 

mechanics do not provide reliable foundation behavior prediction both with respect to 

stability and settlement for the discussed extreme weather conditions. For example, several 
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residential houses and commercial buildings were destroyed during the Pomarico landslide 

in the southern Italy after a prolonged rainfall in 2019 (Perrone et al. 2021). Events such 

as this suggest that there is an urgent need to better understand the influence of flow on the 

behavior of shallow foundations extending the unsaturated soil mechanics. 

Several investigators have focussed to better understand and develop theoretical, 

experimental and numerical studies that can assist in the understanding of foundations for 

unsaturated soils in the past 20 years (Costa et al.  2003, Vanapalli and Mohammed 2007, 

Vanapalli et al. 2007, Le et al. 2013, Oh and Vanapalli 2013, Vahedifard and Robinson 

2016, Kim et al. 2017, Ghasemzadeh and Akbari 2019, Vanapalli and Oh 2021). The focus 

of most of these studies were directed towards understanding the behavior of foundations 

subjected to vertical loading on level ground of unsaturated soils with a hydrostatic 

condition. A limited number of studies focused on the foundation behavior under inclined 

or eccentric loading conditions in unsaturated soils (Wuttke et al. 2013, Jin et al. 2021); 

however, these studies did not consider the influence of unsaturated flow conditions. In 

recent years, several investigators focused on the nonlinear PWP distribution profile 

considering climate factors and their influence on the behavior of foundations (for example, 

Le et al. 2013, Vo and Russell, 2016, Vahedifard and Robinson 2016, Kim et al. 2017, 

Ghasemzadeh and Akbari 2019, Ravichandran et al, 2021). However, these studies were 

undertaken only on level ground uniform soil. Proliferation of infrastructures on hilly 

regions can be attributed to the increasing population and urban development in the past 

half century. Several different types of infrastructures such as the highways, transmission 

towers and even residential structures are typically constructed on the sloping ground. Due 

to this reason, it is necessary to provide a better understanding for the behavior of 
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foundations on unsaturated soil slopes. Furthermore, soils are typically non-uniform with 

varying soil properties associated with different soil layers or spatial variability. Limited 

studies are undertaken in the literature (Le et al. 2013, Tan et al., 2017) that consider 

unsaturated flow conditions in heterogeneous soils and its impact on the design of 

foundations. In other words, there is a lack of understanding in many areas for providing 

better understanding of foundation behavior on unsaturated soils. More rational methods 

for evaluating the foundation behavior are required considering the unsaturated flow for 

interpreting the foundations behavior during its entire service life span. These studies are 

useful forensics analysis of failed foundation or slopes considering the matric suction 

variation. 

 

1.2 Novelty, objectives, and methodology 

For the reasons discussed in the earlier paragraphs, one of key objectives of this thesis 

is directed towards developing rational tools for better understanding foundations in 

unsaturated soils considering the unsaturated flow conditions. In addition, comprehensive 

investigation studies were undertaken to interpret the unsaturated flow on the shallow 

foundations related to: (i) bearing capacity on the sloping ground in different types of soils 

including expansive soils, and (ii) bearing capacity under the inclined and eccentric loading 

conditions with homogeneous soil properties and considering spatial variation of soil 

properties.  

The four objectives combined with their novelty that are addressed in this research 

thesis are summarized below: 

(1) To propose a method quantifying the bearing capacity of the shallow foundation 

on unsaturated soil slope under rainfall infiltration condition. 
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Limited studies have been conducted to interpret the shallow foundations extending the 

unsaturated soil mechanics behavior on sloping ground that are subjected to rainfall 

infiltration (Tran et al. 2019, Troncone et al, 2021, Tan and Vanapalli 2021). The behavior 

of these foundations can be different with that on level ground when subjected to rainfall 

infiltration. The study presented in this research contributes towards addressing the 

research gap for foundation in unsaturated soil in the literature. For this reason, the slip line 

method is employed coupling it with a closed-form solution to take account the vertical 

transient unsaturated flow conditions. To the best of the authors’ knowledge, this is the 

first attempt in the literature to develop a novel framework combining the slip line method 

for the foundation bearing capacity taking account the transient flow conditions for 

unsaturated soils. A code procedure was developed exclusively as a part of thesis study 

with the aid of MATLAB. In addition, a comprehensive parametric study was conducted 

using the proposed framework. The proposed method is a novel tool for considering the 

simultaneous influence of several parameters. The influences of the flow rates, the 

infiltration duration, the foundation set-back distance and the ground water table depth on 

the foundation bearing capacity are investigated using the proposed method. The results 

provided a better understanding of the foundation bearing capacity variation on the sloping 

ground subjected to water infiltration. 

(2) To investigate the foundation bearing capacity under the non-eccentric inclined 

loading and the non-inclined eccentric loading on level ground of unsaturated soils 

taking account the steady state flow and transient flow. 

There are many studies in the literature that propose bearing capacity equations for 

foundations on level ground considering unsaturated soil conditions. Most of the studies 
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focus on vertical foundation loading conditions. However, the foundation may be subjected 

to the other types of loading such as the wind loading, the asymmetric structures loading 

and the earthquake forces. The inclined or eccentric loading is one important scenario that 

should be considered while assessing the foundation bearing capacity. The variation of the 

bearing capacity and the individual loading components variation under the steady state 

flow and transient flow conditions are not extensively discussed in the literature. For this 

reason, an improved slip line method based on the previous research study by the author 

was proposed in this study for evaluating the foundation bearing capacity under inclined 

and eccentric loading considering both the steady state flow and transient flow. The 

improved method incorporates the variation of the soil unit weight with the varied matric 

suction and can also consider the steady state flow behavior. Parametric studies were 

conducted, and the results were presenting in a form of failure envelop for better describe 

the variation of the individual components of the inclined loading or eccentric loading. 

Semi-empirical equations were also proposed for the failure envelops in the vertical and 

horizontal (V - H) loading space and in the vertical and moment (V - M) loading space. 

These equations are capable to describe the variation of failure envelops taking account of 

different soil properties and unsaturated flow conditions.  

(3) To evaluate the influence of the water infiltration on the combined performance 

of the foundation and expansive soil slope system 

Shallow foundations are still used in many scenarios to transmit the loads from the 

lightly loaded superstructures constructed on expansive soil slopes. Water infiltration 

influences both the foundation and the expansive soil slope behavior. However, several 

research studies that are available in the literature focus on only one of the above discussed 
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problems. The influence of infiltration on the combined performance of the foundation and 

the slope in cracked expansive soils has not received the attention it deserved in the 

literature. Therefore, the combined performance regarding the foundation bearing capacity 

and the slope stability was investigated in the study with the aid of a developed numerical 

technique in this thesis. A semi-empirical model that describes the variation of elastic 

modulus with respect to the matric suction is implemented into the numerical model.  

Bimodal soil water characteristic curve is used as a tool for understanding the influence 

surface cracks in the numerical study in a simplified manner. Parametric studies were also 

conducted to provide better understandings for the foundation and cracked expansive soil 

slope system subjected to rainfall infiltration for a foundation on expansive soil in Regina 

area, Canada. 

(4) To predict the foundation bearing capacity and bearing capacity failure envelopes 

in V – H and V – M loading spaces using a proposed numerical technique taking account 

the soil properties variation with matric suction and the soil properties spatial variability 

Limited studies are found in the literature that focus on the foundation behavior 

subjected to inclined and eccentric loading taking account the unsaturated flow and soil 

spatial variability in unsaturated soil. Therefore, a numerical modelling framework was 

proposed in this research to predict the foundation bearing capacity failure envelops in V – 

H and V – M loading spaces for foundation subjected to inclined and eccentric loading. A 

user developed subroutine USDFLD was developed and called into the commercial 

software ABAQUS which made it possible to describe the soil properties variation along 

with the matric suction variation under unsaturated flow conditions. Moreover, code 

procedure was developed using MATLAB and Python to describe the soil saturated 
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effective cohesion, effective internal friction angle and the saturated hydraulic conductivity 

spatial variability and incorporated them into the finite element models. Several 

comparison studies were conducted between the foundation bearing capacity and the 

failure envelops obtained from the proposed numerical framework and other methods. The 

comparison results from the proposed numerical framework agreed well with other 

methods which suggested the proposed framework could be a promising tool for the failure 

envelope prediction. Comparisons were also conducted between the failure envelops 

obtained from numerical models that consider the soil spatial variability and that consider 

the uniform soil properties. Results of this study suggest that different soil properties have 

varied influence on the foundation failure envelopes when considering the soil properties 

spatial variability.  

 

1.3 Thesis Layout 

The thesis consists of seven chapters in total. The thesis is structured in a format of ‘a 

collection of manuscripts’. The layout along with the mentioned objectives is summarized 

in Fig. 1.2: 

(1) Chapter 1 provides background related to the thesis topic along with the key objectives 

for the research program. The novelty of each of the objectives has been succinctly 

highlighted providing details of the methodology followed by the general layout.  

(2) Chapter 2 presents comprehensive literature review on foundations on the level ground 

and the sloping ground of both saturated and unsaturated soils. The background related 

to the shear strength of unsaturated soils is firstly introduced. Studies related to the 

foundation subjected to vertical loading in unsaturated soil are summarized. In addition, 

the develop methods for the investigation of foundation behavior under inclined and 
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eccentric loadings are introduced. In addition, the influence of various parameters with 

respect to the foundation behavior on the sloping ground is presented. Simultaneously, 

the research gaps and the importance of the foundation behavior under different types 

of unsaturated flow conditions is succinctly summarized. 

(3) Chapter 3 proposes a slip line based analytical method accounting for the bearing 

capacity of foundation on unsaturated soil slope subjected to transient flow condition. 

The method was first validated to be reliable. The influence of parameters that include 

the foundation setback ratio, the slope angle, the ground water table depths, the rainfall 

intensity, and rainfall duration were considered in the study. The combined influence 

of the rainfall and foundation position results are summarized considered various 

failure mechanisms. 

(4) Chapter 4 investigates the foundation bearing capacity under the non-eccentric inclined 

loading and the non-inclined eccentric loading under the steady state flow and transient 

flow. The analytical method proposed in Chapter 3 was modified and improved for the 

cases investigated in this chapter. The influence of the ground water table depths, the 

influence of the flow rates, the infiltration duration, the loading inclination angles and 

the eccentricity on the individual loading components (vertical and horizontal loading 

in V - H loading space, vertical and moment loading in V – M loading space) were 

evaluated after verification of the proposed procedure. The results were presented in 

the form of the failure envelop in each loading space. Semi-empirical equations for 

describing the failure envelops were then proposed and validated considering different 

scenarios. 
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(5) Chapter 5 evaluates the combined performance of foundation and cracked expansive 

soil slope subjected to rainfall infiltration using a numerical technique implanted with 

a semi-empirical model. The numerical model was first validated with several cases 

which shows good agreement. The influence of the rainfall intensity, rainfall duration, 

foundation setback distance and loading magnitude on the foundation bearing capacity 

and slope stability were investigated. Relationships between the soil saturated hydraulic 

conductivity and the rainfall characteristics are analyzed and suggestion for design are 

provided based on the numerical results. 

(6) Chapter 6 summarizes the developed numerical framework for investigating the 

foundation bearing capacity and the failure envelops in V - H and V – M loading spaces. 

The numerical model details along with the developed code procedure for considering 

soil spatial variability and soil properties variation with matric suction are presented. 

Comparison studies are conducted between the numerical model considered uniform 

soil properties and the experiments, analytical method, and semi-empirical equations. 

In addition, comparison studies are conducted between the failure envelopes 

considering the soil spatial variability of the saturated effective cohesion, effective 

internal friction angle and the saturated hydraulic conductivity. 

(7)  Chapter 7 summarizes the key conclusions of various research studies undertaken in 

this thesis. Suggestions for future research is also succinctly summarized in this chapter. 
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Fig. 1.2 Thesis layout 
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CHAPTER 2  

Literature Review1 

 
2.1 Introduction  

In this chapter, a brief introduction on the shear strength of unsaturated soils is provided 

because there is a strong relationship of this property with the soil bearing capacity. This 

is followed with a comprehensive literature review about the studies related to the bearing 

capacity of shallow foundations on level ground of unsaturated soils. A discussion is then 

provided related to the behavior of foundation on sloping ground and the failure 

mechanisms. The research needs related to the behavior of shallow foundations in 

unsaturated soils are discussed based on the state-of-the art research summarized from the 

literature. 

 

2.2 Shear strength background 

The shear strength of soil is a key factor in the design of several geo-infrastructures. 

Many scholars provide insight into the unsaturated soil shear strength and the foundation 

bearing capacity. In this section, a succinct summary related to the shear strength behavior 

of unsaturated background is provided. 

Bishop (1959) extended the Terzaghi (1943) shear strength equation to describe the 

effective shear strength of unsaturated soil, which is given below. 

 
1 Part of the contents are published as journal article: 

Tan, M., Cheng, X. & Vanapalli, S. 2021. Simple Approaches for the Design of Shallow and Deep 

Foundations for Unsaturated Soils I: Theoretical and Experimental Studies. Indian Geotech J, 51, 97–

114.  
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( ) ( )n a a w tanc u u u    = + − + −                                           (2.1) 

where τ is shear strength of unsaturated soil, c' and ϕ' are the effective shear strength 

parameters, χ is a parameter related to the degree of saturation; terms (σn - ua) and (ua - uw) 

are the stress state variables: net normal stress and matric suction. This equation is simple; 

however, it has some limitations. For example, the parameter χ, determined from shear 

strength results is different for volume change behavior of unsaturated soils for the same 

set of stress state variables. For this reason, several researchers suggested use of two 

independent stress state variables to eliminate the use of parameter χ and reliably interpret 

the unsaturated soil behavior (Fredlund et al. 1978). 

Fredlund et al. (1978) proposed the shear strength equation for unsaturated soil in terms 

of two independent stress state variables, which is shown as Eq. 2.2 

( ) ( )n a a wtan tan bc u u u    = + − + −                                         (2.2) 

where ϕb is the angle of shearing resistance relative to an increase in matric suction. This 

equation is well established in the literature and provides a rational interpretation of the 

shear strength behavior of unsaturated soils. 

The simple approaches proposed later by Vanapalli et al. (1996) and Fredlund et al. 

(1996) for predicting the unsaturated soil shear strength are widely used in the literature. 

In these approaches (Eq. 2.3a and 2.3b), shear strength is predicted using the effective shear 

strength parameters (i.e., c'and ϕ') and the soil water characteristic curve (SWCC).  

                            
( ) ( )n a a wtan ( ) tan

tan tanb

c u u u S

S





   

 

  = + − + −

=
                         (2.3a)     

                  
( ) ( ) r

n a a w

s r

r

s r

tan ( ) tan

tan tanb

c u u u
 

   
 

 
 

 

−
  = + − + −

−

 −
=  

− 

                        (2.3b) 
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where θ is the volumetric water content of the soil, θs and θr are respectively the saturated 

and residual volumetric water contents, S is degree of saturation. The fitting parameter κ 

varies for different soils and is strongly related to the plasticity index, Ip (Vanapalli and 

Fredlund 2000, Oliveira and Marinho 2003, Garven and Vanapalli 2006). In Eq. 2.3a and 

2.3b, [c'+ (σn - ua) tan ϕ']) represents the saturated shear strength. The terms, [(ua - uw) Sκ 

tan ϕ'] and [(ua - uw) ((θ - θs) / (θs - θr) tan ϕ')] respectively in Eq. 2.3a and Eq. 2.3b, 

represent the contribution of the matric suction towards the shear strength.  

Several researchers (Khalili and Khabbaz 1998, Lee et al. 2003, Tekinsoy et al. 2004, 

Sheng et al. 2008) proposed simple approaches for predicting or estimating the unsaturated 

soil shear strength, which typically have forms of Eq. 2.1 or Eq. 2.2. Comprehensive 

description of the other unsaturated soil shear strengths equations can be found in Vanapalli 

and Fredlund (2000) and Vanapalli (2009). 

Fig. 2.1 shows the shear strength variation along with the matric suction. As a stress 

state variable, suction contributes to shear strength along the wetted area of contact of soil 

particles or aggregates. SWCC reflects the relationship between the soil water content 

(volumetric water content, gravimetric water content or degree of saturation) and the soil 

suction. Fig. 2.1a shows a typical drying SWCC for fine-grained soil. Three key stages, 

namely boundary effect zone, transition effect zone and residual zone of saturation can be 

identified in the figure. All the soil pores are filled with water in the boundary effect zone 

and the soil is in a state of saturated condition, despite soil suction. The value of matric 

suction at which air enters the largest pores of soil is referred to as the air-entry value. The 

soil water content starts to reduce rapidly (i.e., desaturates) with a further increase in the 

matric suction after the air-entry value. The water menisci area which is continuous within 
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the soil particles or aggregates in the boundary effect zone becomes discontinuous during 

the soil desaturation process in the transition zone as shown in Fig. 2.1a. The desaturation 

phase in the transition effect zone is typically associated with the movement of water in 

the liquid phase. In the residual zone of saturation, significantly large suction changes are 

necessary to achieve even there is small change in the water content. The water content 

reduction in this zone is mostly in the vapor phase as there are no continuous paths for the 

water to flow in the liquid phase. In other words, the water menisci are typically negligible 

in the residual zone. 

 

(a)  

  

(b) 

Fig. 2.1 Relationship between SWCC and soil shear strength: (a) Typical soil 

water characteristic curve; (b) Shear strength variation of unsaturated soils 
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Therefore, the shear strength increases linearly in the boundary effect zone (i.e., tan ϕb 

= tan ϕ') when the matric suction is lower than the air entry value shown in Fig. 2.1b. In 

this zone the soil is in a state of saturated condition and the matric suction is effectively 

transmitted along the entire wetted area of contact of particles. Due to this reason, the value 

of ϕb is equal to the angle of shearing resistance ϕ'. However, there will be a non-linear 

increase in shear strength as the suction increases which is associated with a decrease in 

the degree of saturation. In this zone, matric suction acts along the discontinuous wetted 

area of contact of soil particles within the transition effect zone. Therefore, the angle of 

shearing resistance with respect to suction ϕb is less than the angle of shearing resistance 

ϕ'. In the residual zone of saturation, sand desaturates at a relatively fast rate and has a low 

water content (i.e., low degree of saturation). In other words, there is a limited wetted area 

of contact. Due to this reason, suction may not be transmitted effectively to all the soil 

particles at their contact points (Vanapalli et al. 1996). Therefore, shear strength in coarse-

grained soils typically decreases. However, fine-grained soils such as clays may not have 

a well-defined residual state. Considerable water (in the form of adsorbed water) in clay at 

residual stage may still be available to transmit suction effectively. Due to this reason, the 

shear strength of clays typically increases in the residual zone of saturation. However, 

increase of shear strength of certain fine-grained soils such as silts decreases gradually over 

a large suction range (Escario and Juca, 1989). These results suggest that the nonlinear 

shear strength behavior of unsaturated soils should be considered in the rational design of 

geotechnical infrastructure. The trends in the variation of the bearing capacity of 

foundation in unsaturated soil may be consistent with the shear strength behavior 

(Mohamed 2014). 
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2.3 Foundation on level ground of unsaturated soil 

Background with respect to the foundation behavior under vertical loading is first 

summarized in this section. Later, the foundation behavior under combined loading is 

summarized. 

 

2.3.1 Foundation subjected to vertical loading on unsaturated soil  

In the last quarter century, several researchers focus has been directed towards 

proposing equations for interpreting the bearing capacity taking account influence of matric 

suction to facilitate the design of foundation of unsaturated soils (Oloo et al., 1997, 

Vanapalli and Mohammed, 2007, Oh and Vanapalli, 2011, 2013, 2018, Vahedifard and 

Robinson, 2016, Vo and Russell, 2016, Kim et al., 2017, Tang et al., 2017, Ghasemzadeh 

and Akbari, 2019, Ravichandran et al., 2021, Vanapalli and Oh, 2021, Anand and Sarkar 

2022). Table 2.1 summarizes the various bearing capacity equations proposed in the 

published literature using different methods. In all equations, the contribution of matric 

suction is included into the Terzaghi’s (1943) bearing capacity equation.  

ult(sat) c f q γ0.5q c N D N B N = + +                                      (2.4) 

where qult(sat) is the ultimate bearing capacity for saturated soil, c' is the effective cohesion 

of soil, B is the width of footing, γ is soil unit weight, Nc, Nq, Nγ are the bearing capacity 

factors, Df is the footing embedment depth.  

Different characterizations of the contribution from matric suction beneath the 

foundation have been proposed among these studies. Most of the studies were directed to 

understand the foundation behavior of unsaturated soils considering hydrostatic condition. 

Oloo et al. (1997) proposed the equation (Eq. 2.5 in Table 2.1) to estimate the bearing 

capacity of surface footing for unsaturated fine-grained soils extending the effective stress 
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approach. The equation is based on the bilinear shear strength failure envelope of 

unsaturated soil (Gan et al. 1988). This bilinear assumption may result in the discrepancies 

when the matric suction value is higher than the air-entry value. This is due to the nonlinear 

behavior of foundation bearing capacity with matric suction value greater than the air-entry 

value as per the discussions in the previous section.  

 

Table 2.1. Summary of the foundation bearing capacity equations in unsaturated 

soil 

Number 

(No.) 

Bearing capacity equations References 

Eq. 2.5 ( )

( ) ( )

a w b

ult(unsat) c γb

a w a w b

tan
0.5

tan

c u u
q N B N

u u u u






  + −
 = +

  + − − −    
 

Oloo et al. 

(1997) 

Eq. 2.6 ( ) ( )
( )

a w b

ult(unsat) c c f q q γ γ

a w AVR

1 tan
0.5

tan

c u u S
q N D N B N

u u S






    



  + − −
 = + +
 + −   

2

p p0.0031( ) 0.34( ) 1I I = − + +
 

 

Vanapalli 

and 

Mohammed 

(2007) 

Eq. 2.7 
u(unsat)

ult(unsat) cunsast1 0.2
2

q B
q N

L

    
= +     

     

u(unsat)

u(unsat)
2

q
c =

 
 

Vanapalli et 

al. (2007) 

Eq. 2.8 ( ) ( )

( )

a w e,AVRb

ult(unsat) c c 0 q q γ γ

a w e AVR

1 tan
0.5

tan

c u u S
q N q N B N

u u S


   



  + − −
 = + +

  + −    
 

Vahedifard 

and Robinson 

(2016) 

Eq. 2.9 ( )ult(unsat) a w c c f q q γ γtan 0.5 ( )q c u u N d D N d B N d      = + − + + −   

( )

( )

( )

( )

( )

( )

a w

a w b

0.55

a w a w

a w a wb b

1,  for 1

,  for main drying curve 1 

u u

u u

u u u u

u u u u

 −

 −


−
= 

 − −
  − −   

Tang et al. 

(2017) 
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Eq. 2.10 ( ) b

ult(unsat) a w c c 0 q q γ γb

b

a w s s

(tan tan ) 0.5

( ) tan

q c u u N q N B N

u u N

     

 

  = + − − + + 

+ −  
 

Ghasemzade

h and Akbari 

(2019) 

Eq. 2.11 Uniform suction with depth 

( ) b

all(unsat) a w c f q γtan 0.5q c u u M D M B M   = + − + +    
Linear suction with depth 

( ) b

all(unsat) a w W c f q γ0
(1 / ) tan 0.5q c u u D D M D M B M   = + − − + +    

 

Zhang et al. 

(2019) 

Eq. 2.12 ( ) '

ult(unsat) a w c c γS tan 0.5q c u u N B N    = + − +   Vanapalli 

and Oh 

(2021) 

Note: qult(unsat) = ultimate bearing capacity for unsaturated soil; S = degree of saturation; Se 

= effective degree of saturation; cu(unsat) = unsaturated soil cohesion under undrained 

condition. = modified average unit weight; q0 = soil surcharge load above the base of the 

foundation; Nc, Nq, (ua – uw)b = air-entry value; (ua – uw)AVR = average matric suction; ξc, 

ξq, ξγ = shape factors; Ψ = fitting parameter. χ = effective stress parameter; qall(unsat) = 

allowable bearing capacity for unsaturated soil; Mc, Mq, Mγ = allowable bearing capacity 

factors. cu(unsat) is equal to qu(unsat)/2 

 

Vanapalli and Mohammed (2007) proposed the equation (Eq. 2.6 in Table 2.1) that 

overcomes the limitation of the equation proposed by Oloo et al. (1997) using the modified 

effective stress approach. The equation was originally proposed for surface square footing. 

There is a smooth transition between this equation and Eq. 2.4 used for unsaturated and 

saturated soils. This equation can be used as a tool to predict the nonlinear variation of the 

bearing capacity with respect to matric suction using the effective shear strength 

parameters of saturated soil (i.e., c' and ϕ') and the SWCC. The term SΨ tan ϕ' describes the 

shear strength contribution with respect to matric suction towards the bearing capacity. 

However, it may underestimate the bearing capacity when the matric suction value is 

greater than the residual suction value when the bearing capacity convergences to the 

certain value (Oh and Vanapalli 2013). The average matric suction in the stress bulb zone 

(typically 1.5B to 2B beneath the foundation) has been used to interpret the foundation 
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bearing capacity in the equation. To overcome the limitation of the Eq. 2.6, Vanapalli and 

Oh (2021) proposed a modified bearing capacity equation (Eq. (2.12)) for the suction value 

in the residual zone of SWCC. 

Oh and Vanapalli (2011) also proposed a methodology using Eq. 2.6 to evaluate 

the foundation stress versus settlement relationship. This method was developed by 

assuming the stress and settlement relationship in the elastic and plastic zones as two 

straight lines (i.e., linear). The slope of the elastic line is equal to the modulus of elasticity 

of the soil. Oh et al. (2009) proposed Eq. 2.13 for the prediction of the modulus of elasticity 

considering about the matric suction.  

( )

( )
( )a w

unsat sat 1
/101.3a

u u
E E S

P


 −

= + 
 

                                           (2.13) 

where Eunsat and Esat are the elastic modulus of unsaturated soil and saturated soil 

respectively. Pa is the atmosphere pressure (101.3kPa). α and β are fitting parameters, β = 

1 for coarse grained soil (Oh et al. 2009) and β = 2 (Vanapalli and Oh 2010) for fine grained 

soil. α value is related to the ratio of footing size to soil particle size and the plasticity index, 

Ip (Oh et al. 2009, Vanapalli and Oh 2010). 

Several researchers focused on the bearing capacity of unsaturated soils using different 

theoretical methods combined with numerical computation techniques (Jahanandish et al. 

2010, Ghasemzadeh and Akbari 2019, Zhang et al. 2019). For example, Jahanandish et al. 

(2010) used the stress characteristics method extended to zero extension lines method in 

the bearing capacity investigation. The method is achieved by combining the effective 

stress concept and the plasticity equations. The study also provides a design chart related 

to the bearing capacity factor, Nγ. Other methods such as the discretization technique (Du 
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et al. 2021), limit analysis (Anand and Sarkar 2021) and the improved radial movement 

optimization method (Jin et al. 2019) are also modified for using in the unsaturated soils. 

Several researchers performed experimental studies (see Table 2.2) to investigate the 

bearing capacity of unsaturated soils. The results of these studies suggest that the matric 

suction significantly influences the foundation load-displacement behavior and hence 

influence the foundation performance. The bearing capacity increased almost linearly with 

matric suction prior to the air-entry value. The variation trend of the bearing capacity is 

like that of the shear strength shown in Fig. 2.1. The foundation bearing capacity in 

unsaturated soils is observed to be several times higher than that of saturated soil. The 

increase in bearing capacity depends on the type of soil and its initial water content 

condition. For example, bearing capacity under unsaturated condition is 10 times greater 

than saturated condition from model footing tests on silt (Oloo 1994). For sandy type of 

soil, the increase was observed to between 5 to 7 times from experimental studies by 

Mohamed and Vanapalli (2006), Vanapalli and Mohamed (2013).  

 

Table 2.2. Summary of the experimental studies  

Experiments Soil Suction 

range 

(kPa) 

Foundation shape Reference 

Model 

footing test 

Botkin Pit 

silt 

Indian Head 

till 

 

Silt: 25 - 

200  

Till: 38 - 

400  

Square 

30 mm × 30 mm 

Circular  

Diameter: 30 mm 

Oloo (1994) 

Plate load 

test (PLT) 

Silt - Square 

0.5 m × 0.5 m 

1 m × 1 m 

2 m × 2 m 

 

Larson (1997) 

PLT Collapsible 

clay 

- Circular 

Diameter: 0.8 m 

Conciani et al. 

(1998) 
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In-situ PLT Residual soil - Circular 

Diameter: 0.3 m, 

0.45m, 0.6m 

Square 

0.4 m × 0.4 m 

0.7 m × 0.7 m 

1.0 m × 1.0 m 

 

Consoli et al. 

(1998) 

In-situ PLT Lateritic soil 0 – 31  Circular 

Diameter: 0.8 m 

 

Costa et al.  (2003) 

PLT Expansive 

soil 

- Square 

0.2 m × 0.2 m 

 

Xu (2004) 

Model 

footing test 

Coarse 

grained soil 

(Unimin 

(7030) sand) 

 

0 – 8  Square 

100 mm × 100 mm, 

150 mm × 150 mm 

Mohamed and 

Vanapalli (2006) 

Vanapalli and 

Mohamed (2013) 

In-situ PLT Lean clay 

deposit 

0 - 80 Circular steel plate 

Diameter: 0.31m 

 

Rojas et al. (2007) 

Model 

footing test 

(Undrained 

condition) 

 

Indian Head 

till 

0 – 205  Square  

50 mm × 50 mm 

Vanapalli et al. 

(2007) 

Oh and Vanapalli 

(2013) 

Model 

footing test 

 

Huston sand 0 - 6 Strip Lins et al. (2009) 

Cone 

penetration 

test (CPT) 

Poorly 

graded fine 

sand 

(according to 

USCS) 

 

0 - 8 - Mohamed et al. 

(2010) 

Small-scale 

footing test 

Poorly 

graded 

unsaturated 

sand 

 

0 - 6 Strip Wuttke et al. 

(2013) 

In-situ PLT, 

Standard 

penetration 

test (SPT), 

CPT 

Dark-grey 

silty sand 

underneath 

the septic 

sand 

0 - 8 Square (PLT)  

0.2 m × 0.2 m 

Mohamed and 

Vanapalli (2015) 
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Laboratory 

PLT 

Silt sand 

mixtures 

0 – 23.4 Circular steel plate 

Diameter: 0.15 m 

Tang et al. (2018) 

 

In some of these methods, the average matric suction in the stress bulb zone beneath 

the footings is used for estimating the bearing capacity. For example, the average matric 

suction value from tensiometer readings between the bottom of the test pit to a depth equal 

to the circular plate diameter is used in Costa et al. (2003). However, the average matric 

suction may be influenced by the footing size (Oh and Vanapalli 2013). As shown in Fig. 

2.2, a footing with a relatively smaller size (B1) will have a relatively small stress bulb zone 

beneath the foundation and a higher average matric suction. Other representative suction 

value can also be used; for example, a suction value at 0.1m depth from the circular plate 

is used in the PLT by Rojas et al. (2007); Vahedifard and Robinson (2016) made integration 

of the average matric suction in the stress bulb zone. Studies by Costa et al. (2003) and 

Rojas et al. (2007) show that the matric suction has a significant influence on the bearing 

capacity regardless of the procedure used for selection of the representative matric suction. 

In addition to the bearing capacity, the studies by Rojas et al. (2007) and Costa et al. (2003) 

also suggest that the matric suction significantly influences the stiffness of the soil.  

 

Fig. 2.2 Average matric suction values for footing with different sizes 

B1

Stress bulb zone

Typically1.5B to 2B for square 

footing for example in 

Vanapalli and Mohamed (2007)

Oh and Vanapalli (2013)

B2

Stress bulb zone

(ua-uw)AVG1

(ua-uw)AVG2

Suction profile
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Experimental studies are expensive and time consuming in comparison to numerical 

studies. One of key advantage of numerical studies is that they are simple to perform even 

considering complex scenarios (e.g., different soil properties). Several researchers 

conducted investigations using the finite element methods (Oh and Vanapalli (2011), Zhan 

and Vanapalli (2012), Han et al. (2014), Akbari et al. (2020)) to evaluate the influence of 

soil properties on the foundation performance. Results of Zhan and Vanapalli (2012), Oh 

and Vanapalli (2018) suggest that the foundation vertical pressure increases with increasing 

modulus of elasticity, cohesion, Poisson’s ratio and dilatancy angle at the same vertical 

settlement condition.  

In recent years, there has been interest to take account of influence of climate factors 

on the performance of foundations by several investigators. The evaporation and 

infiltration conditions typically lead to non-linear suction distribution in the soil below the 

foundation as mentioned in Chapter 1. The matric suction distribution under both steady 

state and transient state exhibits uncertainty. The suction profiles vary with the water 

content change associated with the unsaturated flow behavior. Incorporating the suction 

variation into the time-dependent foundation behavior introduces complexity; however, 

such studies are valuable. 

For example, Vahedifard and Robinson (2016) studied the shallow foundation bearing 

capacity with nonlinear suction profiles under steady flow condition. A method (Eq. 2.8 in 

Table 2.1) has been proposed to estimate the foundation bearing capacity taking account 

the variations in depth of water table and the steady flow condition. The average matric 

suction within the stress bulb zone below the foundation was estimated using the numerical 

integration of differential elements. Due to the integration of the area in the stress bulb 
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zone, the equation can provide relatively accurate average matric suction compared to that 

obtained under the average value of the matric suction between the surface and the depth 

of stress bulb zone. Therefore, the equation can provide rigorous bearing capacity 

estimation under steady flow condition compared to other equations.  

Vo and Russell (2016) investigated the bearing capacity of strip footing extending the 

slip line theory. The non-uniform suction profile has been considered in this approach for 

steady state evaporation and infiltration conditions. Results of the study suggest that the 

depth of the ground water table, the flow rates and soil types influence the suction 

contribution towards the bearing capacity.  

In addition to the bearing capacity investigation under steady state flow, the bearing 

capacity and settlement behavior under rainfall was investigated by several investigators. 

Kim et al. (2017) and Jeong et al. (2018) studied the bearing capacity and settlement of 

shallow foundation under the influence of rainfall infiltration with the aid of PlAXIS 2D. 

The soil properties such as the shear strength and modulus of elasticity are sensitive to the 

matric suction changes associated with rainfall. In other words, rainfall intensity is a key 

factor that will influence the foundation bearing capacity and settlement behavior. Studies 

by both these investigators suggest a higher bearing capacity for soils with a lower 

coefficient of permeability during rainfall infiltration period. Higher rainfall intensity 

contributes to a greater vertical settlement. The ground water position near the ground 

surface also influences the settlement changes during the rainfall period.  

Jeong et al. (2018) also investigated the influence of hysteresis effects associated with 

wetting and drying conditions respectively for infiltration and evaporation conditions. 

Comparisons were provided between the results based on a numerical model using the 
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drying SWCC curve and wetting SWCC curve of Dogye weathered granite soil. Results 

show similar trends in settlement behavior; however, the settlement was about 5% greater 

using the wetting SWCC curve.  

Le et al. (2013) conducted coupled hydro-mechanical finite element analysis to 

investigate the rainfall induced differential settlements of foundations in unsaturated soils. 

The variability of soil properties is modelled using the Monte Carlo simulation. Results 

showed that highest risk of differential settlement occurred at a transient phase of 

infiltration. The differential settlements are typically underestimated when the soil random 

heterogeneity and the unsaturated condition are not considered simultaneously. 

Mahmoudabadi and Ravichandran (2019) proposed a procedure based on finite 

difference method considering the site-specific rainfall and water table data effect. Monte 

Carlo simulations has been used to generate different rainfall intensities and ground water 

table level. The average matric suction in the influence zone has been calculated based on 

the generated rainfall and ground water table data. Comparisons were provided between 

the settlement of different size foundations under saturated and unsaturated conditions. The 

deviation was substantial and is approximately 87 %. The above results show the necessity 

to consider about the rainfall induced bearing capacity reduction and settlement of 

foundations.  

In all the studies discussed in the earlier paragraphs the contribution from matric 

suction beneath the foundation has been investigated. The studies in general suggest 

rainfall characteristics, the soil properties, the initial ground water table have combined 

impact on the foundation performance. The matric suction is the predominant factor that 

influence the foundation bearing capacity and settlement behavior in unsaturated soils. The 
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average matric suction is typically estimated and used for the foundation performance 

evaluation. However, such an assumption using average matric suction for different water 

infiltration or evaporation conditions may not be reliable because matric suction variation 

is time-dependent under the transient flow conditions. Only a few studies provide a 

comprehensive investigation of the foundation bearing capacity and the settlement 

considering the time-dependent variation of matric suction (Kim et al. 2017, Jeong et al. 

2018, Mahmoudabadi and Ravichandran 2019). In addition to matric suction, there can be 

other sources of uncertainty that may influence the foundation stability. Limited studies 

(Tan et al. 2017) that are found in the literature with respect to the reliability analysis of 

foundation in unsaturated soils considering the varying flow conditions. The understanding 

related to the time-dependent variation of matric suction on the bearing capacity will 

provide a better explanation of the anticipated foundation behavior at various stages during 

the entire service life considering the influence of steady state and transient flow behavior. 

 

2.3.2 Foundation subjected to inclined and eccentric loadings  

Several researchers investigated the influence of inclined and eccentric loading on the 

bearing capacity of saturated soils (Meyerhof 1953, 1963, Michalowski and You 1998; 

Hjiaj et al. 2004; Patra et al. 2012a, 2012b; Krabbenhoft et al. 2014; Ganesh et al. 2016). 

Traditionally, inclination of the load is considered by incorporating inclination factors into 

the conventional Terzaghi bearing capacity equation. Table 2.3 provides a summary of 

classic inclination factors that are widely used in geotechnical engineering. For the 

eccentric loading, the effective rule method (Meyerhof 1953) and the reduction factor 

method (Purkayastha and Char 1977, Patra et al. 2012a, 2012b) are two widely used 

methods for evaluating the foundation bearing capacity. The effective rule method assumes 
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that the foundation is subjected to central vertical loading with a foundation width reduced 

by twice the eccentricity to the original foundation width. The reduction factor method 

typically determines the bearing capacity of foundation subjected eccentric loading from 

the central vertical loading. 

 

Table 2.3 Summary of the inclination factors 

References ic iq iγ 

Meyerhof (1963) 2

1
90

 
− 

 

 
2

1
90

 
− 

 

 
2

1
'





 
− 

 

 

Hansen (1970) 
q q

q

1

1

i N

N

−

−
 

( )
5

1 0.5tan−  ( )
5

1 0.7 tan−  

Vesic (1975) 
q q

q

1

1

i N

N

−

−
 ( )

2
1 tan−  ( )

3
1 tan−  

Loukidis et al. (2008) - - ( )
2

1.5tan ' 0.4

tan
1 0.94

tan '






+

 
− 

 

 

 

Many researchers in recent years have extended the failure envelope method 

(Gourvenec and Randolph 2003; Taiebat and Carter 2000, 2002; Du et al. 2022; Fathipour 

et al. 2022). The foundation is considered unsafe if the combination of loads is outside the 

failure envelope. The inclined load can be treated as a combination of the vertical load, V 

and horizontal load, H. Similarly, the eccentric load can be considered as a moment load, 

M taking account of vertical load and the eccentricity. Typically, the failure envelop is 

presented in a normalized version. There are mainly two methods for the normalizing. The 

first method is to normalize the loading in each direction with the vertical ultimate bearing 

capacity, Vmax. For example, the horizontal loading can be normalized as H / Vmax. The 

moment loading is typically normalized as M / BVmax with the foundation width included 

to keep the dimensional homogeneity. The second method is to normalize the loading with 
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the ultimate bearing capacity in the same direction. For example, the horizontal loading 

can be normalized as H / Hmax. Table 2.4 summarizes the failure envelop equations that 

proposed by many scholars for foundation subjected to V, H, M combined loadings with 

the first method listed followed by the second method. 

 

Table 2.4 Summary of failure envelop equations 

References Equations 

Gottardi and Butterfield 

(1993) 
VH     

max max max

0.48 1
H V V

V V V

      
= −      

      

 

VM    
max max max

0.36 1
M V V

BV V V

      
= −      

      

 

 

Loukidis et al. (2008) 
VH     

21/(1.5tan 0.4)

max max max

tan
1

0.94

H V V

V V V




+      

 = −     
       

 

 

Tang et al. (2014) VH     
1/3

max max max

1.04 1
H V V

V V V

      
 = −     
       

 

VM    
0.5

max max max

0.52 1
M V V

BV V V

      
 = −     
       

 

 

Zheng et al. (2019) 
VH    

21/(1.56tan 0.45)

max max max

tan
1

0.88

H V V

V V V




+      

 = −     
       

 

 

Pham et al. (2019) VM    
0.8

max max max

0.63 1
M V V

BV V V

      
 = −     
       

 

 

Pham et al. (2020) 
VH    

21/(1.7 tan 0.4)

max max max

tan
1

0.76

H V V

V V V




+      

 = −     
       

 

 

Pham et al. (2022) VM      

max max max

0.55 1
M V V

BV V V

      
 = −     
       
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VH  
21/(1.7 tan 0.4) 7.4

max max max max

tan 1
1 1

0.76 2

H V V V

V V V V


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 


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Du et al. (2022) MH  
2 2

max max max max

2 2

cos sin sin cos

1

M H M H

BV V BV V

a b

   
   

− +   
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1

1
1 1

max max 1

1

m

nV V
a l n

V V l

    
 = − − +   
     

 

2

2
2 2

max max 2

1

m

nV V
b l n

V V l

    
 = − − +   
     

 

3 3 3

max max

V V
l m n

V V


   
= + +   
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θ = deflection angle of the ellipse; a = length of the semiaxis 

of ellipse corresponding to the M-axis, and b = length of the 

semiaxis of ellipse corresponding to the H-axis. ln, mn, and 

nn are the equation fitting coefficients. 

 

Bransby and Randolph 

(1998) 

VHM  
1/

2

max max max

1

p
m n

V M H
f

V M H

      
 = + + −     
       

 

m, n, p are fitting parameters 
2.5 1/3 5

max max max max max

1
1 1

2

V H M M H
f

V H M M H

         
= − − − +        

        

 

for the soil non-homogeneity factor: k/suo = 6 

 

Ukritchon et al. (1998) 
VM      

2

1 2 3

u

2 2
1

V e e

Bs B B
  

     
= − −    

     

 

Eccentricity ratio: 

e/B = (M / (B2su)) / (V/(Bsu)) 

α1, α2, α3 are fitting parameters related to H/(Bsu). 
 

Bransby and Randolph 

(1999) 
VHM    

2.5 1/3 5

max max max max max

1
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2

V H M M H
f

V H M M H

         
= − − − +        
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Yun and Bransby (2007)  HM     
2 2

max max

1
M H

f
M H

   
= + −   

   

 

Taiebat and Carter (2000) VHM    
22 3

1

max max max max

1 1
V M HM H

f
V M H M H


        

= + − + −                   

 

α1 is fitting parameter depends on the soil profile: for 

homogeneous soil, α1 = 0.3. 
 

Vulpe et al. (2014) 
HM    

max maxmax max
* *

2 1
* *

H MH M

H MH M
f
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 



   
   
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   
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q

max max

* 1 ,  m*=1

p

V V
h

V V

   
= − −   

   

, p, q are fitting parameters 

 

Liu et al. (2014) 
VM    

max max

1

p

V M

V M

    
= −     

    

, p is fitting parameter. 

 

Compared to the traditional methods that are based on linear superposition of the load 

inclination and eccentricity or using independent reduction factors; the failure envelope 

method is advantageous as it explicitly considers the interaction of the V, H, and M and 

indicates the failure based on the changes that arise for each of the load components 

(Gottardi and Butterfield, 1993; Gourvenec and Barnett 2011). This method can 

incorporate the influence of the foundation embedment depths, soil shear strengths profiles, 

and the soil internal friction angle into the failure envelops (Gourvenec and Randolph 

2003).  

The equations in Table 2.4 can only be used for foundations in saturated soils. Limited 

research studies focus on foundations in unsaturated soils that are subjected to the inclined 

and eccentric loading (Wuttke et al. 2013, Fathipour et al. 2022, Li and Jiang 2022). Wuttke 

et al. (2013) conducted a small-scale footing test on unsaturated sandy soil and an 

elastoplastic strain-hardening microelement for the strip foundation on unsaturated soil 
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formulated for static loading. Jin et al. (2021) employed the improved radial movement 

optimization method to investigate the foundation behavior in unsaturated soils under 

inclined loading. Results show the foundation bearing capacity exhibited a strong nonlinear 

reduction trend with the increasing loading inclination angle. 

 

2.4 Foundation design on sloping ground 

In this section, first foundation behavior on saturated soil slope ground will be 

summarized. Later, several parameters that influence the foundation and slope system 

stability on unsaturated soil slope ground will be discussed. In addition, different failure 

mechanisms corresponding to the various parameters will be presented.  

 

2.4.1 Foundation on saturated soil slope 

Table 2.5 summarizes studies carried out by various investigators using different 

methods for the foundation on sloping ground. Most of the early studies focused on strip 

foundations using cohesionless soil because of ease in design, construction, and testing 

time (e.g., Shields et al. 1977, Bauer et al. 1981, Castelli and Lentini 2012). In recent years, 

several investigators have developed analytical and numerical methods to provide insight 

into the foundation behavior on slopes. These studies suggest that foundation behavior on 

slopes is influenced by several additional parameters compared to level ground conditions. 

The studies reveal that the slope geometry, soil properties, foundation setback distance, 

foundation embedment depth, foundation loading condition all influence the foundation-

slope system (see Table 2.5). In many of these studies, the ultimate bearing capacity of 

foundation on slope is investigated extending a dimensionless form such as q/γB or the 
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bearing capacity factors. Design charts or equations have been provided to correlate the 

bearing capacity factors with different influence parameters mentioned above. 

 

Table 2.5 Summary of studies on foundation on sloping ground 

Method Foundation Soil type Parameters Solution 

provided 

References 

Laboratory 

test 

Strip Sand-fill 

slope 

Embedment 

depths (H), 

relative 

density (Dr) 

 

Bearing 

capacity 

factors 

Shields et 

al. (1977) 

Laboratory 

test 

Rough-

base strip 

Sand Foundation 

widths (B), 

load 

inclination 

 

Scale 

factor, 

inclination 

factor 

Bauer et al. 

(1981) 

Centrifuge 

experiments 

Model 

footing 

Cohesionle

ss soil 

Slope 

geometry, 

H/B, ϕ, 

footing aspect 

ratio (B/L), β, 

b/B 

 

Bearing 

capacity 

factors 

Gemperline 

(1988) 

Laboratory 

test, energy 

dissipation 

method 

(numerical 

analysis) 

 

Strip Coarse 

sand 

backfill 

ϕ Bearing 

capacity, 

slip surface 

Yang et al. 

(2007) 

Laboratory 

test, limit 

equilibrium 

method 

 

Strip Sandy 

slope 

b Bearing 

capacity 

Castelli and 

Lentini 

(2012) 

Laboratory 

test 

Strip Sandy 

slope 

b, β, Dr, B Bearing 

capacity 

Keskin and 

Laman 

(2013) 

 

Laboratory 

test 

Strip Sandy 

slope 

Eccentrically 

load 

Bearing 

capacity 

and failure 

mechanism 

Cure et al. 

(2014) 
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Theoretical 

method 

Strip Cohesive 

soil, 

Cohesionle

ss soil 

Embedment 

ratio (H/B), 

slope angle 

(β), ϕ, setback 

ratio (b/B, 

b:setback 

distance) 

Bearing 

capacity 

factors 

Meyerhof 

(1957) 

Theoretical 

method 

(Stress 

characteristic

s) 

 

Strip Cohesionle

ss soil 

β, ϕ, H/B Bearing 

capacity 

factors 

Graham et 

al. (1988) 

Theoretical 

method 

Strip Clay, 

Sand 

β, b/B,H/B q/γB Narita and 

Yamaguchi 

(1990) 

 

Limit 

analysis with 

discontinuity 

layout 

optimization 

Strip cˈ- ϕˈ soil ϕ, β, B/H, 

γH/cˈ 

Bearing 

capacity 

factors, 

reduction 

factors 

Leshchinsk

y (2015) 

Limit 

analysis with 

discontinuity 

layout 

optimization 

Spread 

footing 

cˈ- ϕˈ soil ϕ, β, γH/cˈ, 

b/B 

reduction 

factors 

Leshchinsk

y and Xie 

(2017) 

Theoretical 

method 

Strip Cohesive 

soil 

H/B, c, ϕ, β, 

b/B, slope 

height (V) 

 

q/γB Yang et al. 

(2019) 

Upper bound Strip Clay V/B, β, b/B, 

cu/(γB) 

Bearing 

capacity 

factors 

 

Georgiadis 

(2010a) 

Upper bound 

limit 

analysis, 

finite element 

analysis 

 

Strip Clay Inclined 

loading, 

cu/(γB), β, 

b/B, V/B 

Bearing 

capacity 

factors 

Georgiadis 

(2010b) 
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Finite 

element 

analysis 

 

Strip Cohesionle

ss soil 

Inclined 

loading, b/B 

Normalized 

failure load 

Baazouzi et 

al. (2016) 

Finite 

element 

analysis 

Square Cohesionle

ss soil 

b/B, H/B, ϕ, 

β, B, E 

Bearing 

capacity 

Acharyya 

and Dey 

(2017) 

Discontinuity 

layout 

optimization 

(DLO) 

 

Strip c - ϕ soil b/B, H/B, ϕ, 

β, c/(γB) 

Bearing 

capacity 

factors 

Zheng et al. 

(2018) 

Lower bound 

limit analysis 

Strip c - ϕ soil β, b/B, ϕ, 

dilative 

coefficient 

Bearing 

capacity 

factors 

Halder et al. 

(2019) 

 

Several researchers investigated the influence of the foundation setback distance, b, or 

the setback ratio (b/B) impact on the foundation bearing capacity (Meyerhof, 1957, 

Gemperline, 1988, Narita and Yamaguchi, 1990, Castelli and Lentini, 2012, Georgiadis 

2010a, 2010b, Baazouzi et al. 2016, Acharyya and Dey 2017, Halder et al. 2019). Typically, 

the normalized bearing capacity will increase with an increase in the foundation setback 

ratio until a specific foundation setback ratio. This specific foundation setback ratio is 

defined as the critical setback ratio. The critical setback ratio also depends on the slope 

angle, soil properties and the ratio of the foundation width over the slope height (Georgiadis 

2010a, Zheng et al. 2018). The slope with a higher slope angle requires a higher critical 

foundation setback distance. This is because of less area of soil that is available on slope 

with a higher slope angle for shear strength mobilization and provide resistance to the 

foundation loading. In construction manual such as AASHTO (2012) and Chinese code 

design for building foundation (Academy of Building Research 2011), the slope angle and 

soil properties also have been considered with the foundation setback ratio in the design 
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chart. For example, an equation (Eq. 2.14) has been provided for the foundation setback 

ratio in Chinese code design for building foundation. 

3.5
tan

H
b B


 −                                                             (2.14) 

For foundation located on the slope with a constant setback distance, a lower foundation 

bearing capacity factor are derived with a higher normalized slope height. The critical 

foundation setback ratio will also increase with an increase in the normalized slope height. 

Different slope angle, soil properties will also have impact on the normalized foundation 

bearing capacity. The normalized bearing capacity is lower at a higher slope angle when 

the slope heights are the same (Zhang et al. 2018, Yang et al. 2019). An interesting 

phenomenon has been highlighted by Georgiadis (2010a) based on their study under 

undrained condition for a slope angle of 30˚; for such a scenario, when the soil normalized 

strength influence factor (cu/γB) is increased to a specific value, the foundation normalized 

bearing capacity was not influenced by the normalized slope height. Therefore, different 

foundation position combined with the slope geometry may contribute to variations in the 

foundation bearing capacity. 

Based on the published studies, failure mechanisms of the foundation slope system 

under different conditions can be generally classified under four different types (Meyerhof 

1957, Georgiadis 2010a, 2010b, Leshchinsky 2015, Zhou et al. 2018, Dey et al. 2019, 

Halder et al. 2019, Li et al. 2020).  Fig. 2.3 shows these failures: foundation bearing 

capacity failure (Failure ①), face failure (Failure ②, ③), toe failure (Failure ④) and 

deep-seated failure (Failure ⑤). The toe failure (Failure ④) can be considered as a special 

case of the face failure. Parameters such as the foundation setback ratio, slope height and 

angle, soil properties that were discussed earlier have an impact on these types of failure 
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mechanisms (Georgiadis 2010a, Zheng et al. 2018, Yang et al. 2019). For example, the toe 

failure is common to see on the slope with a small height (Georgiadis 2010a). Beyond the 

critical height, the soil failure plain will extend to the sloping ground (Failure ② and ③ 

in Fig. 2.3, Georgiadis 2010a). This condition is typically observed with small foundation 

setback ratio. While the foundation bearing capacity failure is commonly found with 

greater foundation setback ratio.  

  

Fig. 2.3 Typical failure mechanisms 

 

In summary, the influence of different parameters that influence the foundation 

behavior on slope is addressed in this section. Foundation setback ratio, foundation 

embedment depth, foundation loading conditions, slope geometry including slope height, 

angle, and soil properties all influence the foundation and slope system. The various failure 

mechanisms such as the foundation bearing capacity failure, the slope face failure for 

foundation on sloping ground depend on different parameters combinations. The above 

studies are all conducted on soil under saturated condition. However, as mentioned above, 

the matric suction has a significant influence on the foundation bearing capacity. The 

b

B

β

O

1 2 3

4

5

Foundation bearing capacity failure1 2 3

4 5

Face failure

Toe failure (Face failure) Deep seated failure
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variation of the matric suction under the unsaturated flow may have a different impact 

compared to that in saturated soil. 

 

2.4.2 Foundation on unsaturated soil slope 

Currently, only a limited number of studies in the literature focus on the foundation 

behavior on sloping ground that in the state of unsaturated condition. Though foundation 

bearing capacity on unsaturated soil is relatively higher in comparison to saturated soil 

condition, environmental factors such as the infiltration and evaporations condition 

significantly influence their performance. Tran et al. (2019) and Troncone et al. (2021) 

carried out study of slope reinforced with a pile foundation subjected to rainfall infiltration.  

Shallow slope face failures are the main types of the failure during rainfall according to the 

study by Tran et al. (2019). The study indicated that the rainfall intensity, duration, soil 

properties and structures do influence the combined system. However, both studies focus 

on the slope stability taking account of rainfall infiltration rather than the foundation 

behavior. Talukdar et al. (2018) investigated the anthropogenic activities on the slope due 

to seepage. Results of this study suggest that the construction of structures without proper 

protection especially for scenarios with a shallow ground water table triggers slope failures 

during rainy season; such a behavior can be attributed to the seepage behavior that will 

aggravate the progressive failure. Tan and Vanapalli (2021) conducted hydro-mechanical 

modeling to investigate a foundation on a clay type of soil subjected to rainfall infiltration; 

the bearing capacity along with the factor of safety of the slope are presented under the 

transient flow. Different failure mechanisms are found with the increasing rainfall duration. 

The results reflect more uncertainty for the foundations on sloping ground due to 
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infiltration of rainfall water. Therefore, it is of important to take account of the influence 

of environmental factors on the behavior of foundations in unsaturated soil slopes. 

 

2.5 Summary  

In this chapter, the studies related to foundation on level ground in unsaturated soils 

were summarized followed by studies for foundation on sloping ground with soil under 

saturated and unsaturated conditions. All the studies suggest that the matric suction is a key 

parameter that significantly influences the foundation behavior. The matric suction has a 

significant impact on the soil shear strength and other soil properties which in turn 

influence the foundation behavior in unsaturated soils. This also reflects the necessity to 

take account the unsaturated flow into the foundation performance evaluation. Based on 

the comprehensive literature, the following key conclusions are summarized. 

(1) Several researchers investigated the behavior of foundations in unsaturated soils on 

level ground; however, studies related to the foundation behavior taking account of 

inclined and eccentric loading is rather limited. No studies have been found to the 

author’s best knowledge that addresses the unsaturated flow for foundation subjected 

to inclined and eccentric loading and for foundation on non-homogeneous soil. 

(2) The foundation behavior on slopes in saturated soils has been studied comprehensively. 

The foundation setback ratio, embedment depth, foundation loading conditions, slope 

height and angle, and soil properties all have influence on the foundation and slope 

system. However, only a few studies are reported in the literature with respect 

foundation behavior in unsaturated soil slopes taking account the above parameters and 

the unsaturated flow behavior. The combined performance of the foundation and the 
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unsaturated soil slope subjected to water infiltration is still awaiting in the literature to 

the best of the author’s knowledge. 

(3) Determination of foundation behavior taking account of the influence of various 

parameters based on experimental methods is time consuming and expensive. 

Numerical and analytical methods facilitate in investigating the influence of several 

parameters to assess the behavior of foundations in unsaturated soils considering 

complex scenarios: for example, the climate influences. There is a need for developing 

new models that can provide a better understanding for foundation behavior under 

different unsaturated flow conditions taking account influence of several parameters 

efficiently.  
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CHAPTER 3  

Foundation bearing capacity estimation on unsaturated soil 

slope under transient flow condition2  

 

3.1 Introduction 

Design of foundations for the various infrastructure constructed on hilly regions are 

typically based on the assumption that the soil is in a state of saturated condition. However, 

foundations for most of the infrastructure in many scenarios is above the groundwater table 

during their entire service life. Natural soils, especially in semi-arid and arid regions that 

constitute 40% of the earth’s surface are typically in an unsaturated state condition (e.g., 

Khalili et al. 2000, Fredlund et al., 2012). Several investigators during the last quarter 

century have significantly contributed to the design of shallow foundations, extending the 

mechanics of unsaturated soils (e.g., Oloo et al., 1997, Xu, 2004, Vanapalli and 

Mohammed, 2007, Oh and Vanapalli, 2011, 2013, 2018, Tang et al., 2017, Ghasemzadeh 

and Akbari, 2019, Zhang et al., 2019, Akbari et al., 2020, Cascone et al., 2021, Vanapalli 

and Oh, 2021). The conventional Terzaghi (1943) and Skempton (1948) bearing capacity 

equations are modified in these studies to interpret the influence of matric suction on the 

bearing capacity.  

In recent years, several investigators have contributed to better understand the influence 

of environmental effects on the foundation bearing capacity in unsaturated soils 

 
2 The contents presented in this chapter are published as a journal article: 

Tan, M., & Vanapalli, S. K. (2022). Foundation bearing capacity estimation on unsaturated soil slope under 

transient flow condition using slip line method. Computers and Geotechnics, 148, 104804. 

https://doi.org/10.1016/j.compgeo.2022.104804.  

 

https://doi.org/10.1016/j.compgeo.2022.104804
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(Vahedifard and Robinson, 2016, Vo and Russell, 2016, Kim et al., 2017, Jeong et al., 2019, 

Mahmoudabadi and Ravichandran, 2019, Anand and Sarkar, 2021, Du and Ye, 2021, 

Ravichandran et al., 2021). Most of these studies were directed to understand the 

foundation behavior on a level ground considering steady state conditions. The soil 

hydraulic and mechanical behavior are nonlinear and sensitive to matric suction 

fluctuations especially under transient condition. Incorporating the influence of matric 

suction changes on the foundation behavior under transient condition is time-dependent 

and is associated with uncertainties. Comprehensive research studies in this direction are 

lacking in the literature. For example, Tran et al. (2019) and Troncone et al. (2021) 

conducted studies of slope reinforced with a pile foundation subjected to rainfall infiltration. 

Tan and Vanapalli (2021) investigated the shallow foundation behavior on a clay soil slope 

considering the influence of rainfall infiltration. Results of the above studies suggest that 

the rainfall intensity and its duration along with the soil properties influence the foundation-

slope system. In addition, the foundation setback distance, the slope angle and the 

foundation loading conditions also significantly influence both the foundation and the slope 

system. However, the influence of these parameters was investigated only for saturated 

soils (Meyerhof, 1957, Georgiadis, 2010a, 2010b, Leshchinsky, 2015, Zhou et al., 2018, 

Dey et al., 2019, Halder et al., 2019, Jin et al., 2020, Li et al., 2020, Li et al., 2021).  

For this reason, the focus of the present study is directed towards providing a 

comprehensive understanding of the bearing capacity of shallow foundations on 

unsaturated soil slopes considering the transient flow conditions. The slip line method has 

been used in the recent literature for interpreting the behavior of both foundations and 

slopes (Vo and Russell, 2016, 2017, 2020, Li and Jiang, 2019, Cascone et al., 2021, Li et 
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al., 2021). In this study, slip line method is employed coupling it with a closed-form 

solution to take account the vertical transient unsaturated flow conditions. To the best of 

the authors’ knowledge, this is the first attempt to develop a novel framework combining 

the slip line method for the foundation bearing capacity taking account the transient flow 

conditions for unsaturated soils. In addition, a comprehensive parametric study is 

conducted using the proposed framework. The influence of the rainfall infiltration 

characteristics, slope angle, β, foundation setback distance, b, ground water table depth, 

Hw, and varying soil properties on different types of soils are considered in the parametric 

study. Coding for the proposed framework is developed using MATLAB, which has the 

advantage of integrating programming along with the visualization aids. The proposed 

framework provides a valuable tool to estimate the foundation bearing capacity on both 

level and sloping ground under transient flow conditions. The results presented in the study 

are useful for the practicing engineers for rational interpretation of the foundation 

performance taking of various parameters including the vertical transient flow conditions.  

 

3.2 Background and governing equations 

The failure criterion is first presented in this section along with the details related to the 

induced slip lines. The closed-form solution is then introduced to take account the vertical 

transient unsaturated flow. 

 

3.2.1 Shear strength and failure criterion 

The following assumptions are made in this study: 

(i) The shallow strip foundation is assumed as a rigid structure and is considered 

weightless.  
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(ii) The mechanical behavior of the soil can be reasonably evaluated using the Mohr-

Coulomb (MC) failure criterion. 

(iii) The interface between the foundation material and the soil is assumed smooth for 

achieving conservative estimations. 

(iv)  The ground water table is assumed parallel to the ground surface which is widely 

used in analytical methods (Zhan et al. 2013, Gongze Shi 2019).  

In this study, Vanapalli et al. (1996) equation is used in the evaluation of the 

contribution of the matric suction towards the soil shear strength. This equation uses the 

effective shear strength parameters and the soil water characteristic curve (SWCC), which 

is summarized below. 

( ) ( ) w r
n a a w

s r

tan ( ) tanc u u u
 

   
 

−
  = + − + −

−
                                 (3.1) 

where τ is the shear strength of unsaturated soil; c' is the effective cohesion; ϕ' is the 

effective internal friction angle; (σn - ua) and (ua - uw) are the net normal stress and matric 

suction, respectively. θw is the volumetric water content of the soil, θs and θr are the 

saturated and residual volumetric water contents, respectively. The term [(ua - uw) ((θw - θs) 

/ (θs - θr) tan ϕ')] in Eq. (3.1) represents the contribution of the matric suction towards the 

shear strength. This can also be expressed as [(ua - uw) Se tan ϕ'], where Se, is the effective 

degree of saturation, which is defined as [(S - Sr) / (1 - Sr)] or in the term of [(θw - θs) / (θs 

- θr)]; S and Sr are the degree of saturation and the residual degree of saturation, respectively. 

As the change of the effective internal friction angle with respect to the matric suction is 

typically negligible for conventional soils (Fredlund and Rahardjo, 1993; Vanapalli et al. 

1996; Tan et al. 2021), the apparent cohesion, ca can also be used to describe the matric 

suction contribution and can be written using one of the equations below: 
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( ) w r
a w

s r

' ( ) tanac c u u
 


 

−
= + −

−
                                                      (3.2a) 

( ) r
a w

r

' tan
1

a

S S
c c u u

S


 −
= + −  

− 
                                            (3.2b) 

Fig. 3.1 shows the extended Mohr-Coulomb (MC) envelope for interpreting the shear 

strength of unsaturated soils highlighting the terms introduced in the earlier paragraphs.  

The MC failure criterion can then be expressed as Eqs. (3.3 – 3.5) where ua is equal to the 

atmospheric pressure and used as a reference for measurement of other stresses in the soil. 

( )e e a w(1 sin 'cos 2 ) ' 'cot 'x c S u u    = + − − −                                         (3.3) 

( )e e a w(1 sin 'cos 2 ) ' 'cot 'y c S u u    = − − − −                                         (3.4) 

yx esin 'sin 2 'xy   = =                                                                                    (3.5) 

where σx, σy are the normal stresses in the X- and Y- directions, respectively; τxy is the shear 

stress; θ is the angle between the major principal stress direction and the X- axis; σe' is the 

effective equivalent stress, σe' = σm' + ca cot ϕ', σm' is the effective mean stress. 

Study by Sheng et al. (2011) shows Eq. (3.1) may be sensitive to the residual suction 

value especially for some clayey soils. However, this equation provides reasonable 

predictions for shear strength behavior when matric suctions values are influenced by the 

water movement in unsaturated soils (i.e., this typically forms the boundary effect and 

transition zones in an unsaturated soil that can be identified from the SWCC) (Vanapalli et 

al., 1996). There are also other shear strength equations in the literature that provide good 

estimations of the contribution of matric suction based on the effective stress equation (e.g., 

Bishop, 1959, Khalili and Khabbaz, 1998, Lu and Likos, 2006). These equations can also 
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be introduced into Eqs. (3.3 – 3.5) to describe the matric suction contribution (e.g., Vo and 

Russel, 2016).  

 

Fig. 3.1. Extended Mohr stress circle in unsaturated soil and stress state of a 

point A 

 

3.2.2 Stress equations 

 Eq. (3.6) and Eq. (3.7) are widely used equilibrium equations under the plane strain 

conditions. 

0
xyx

x y

 
+ =

 
                                                                               (3.6) 

y xy

y x

 


 
+ =

 
                                                                              (3.7) 

where γ is soil unit weight. By substituting Eqs. (3.3 – 3.5) into Eq. (3.6) and Eq. (3.7), Eq. 

(3.8) and Eq. (3.9) can be obtained: 

( )( )e a w'cot '' '
(1 sin 'cos 2 ) sin 'sin 2 2 'sin ' sin 2 cos 2 0e e

e

c S u u

x x y x y

   
       

 + −     
+ − + − − = 

     

      (3.8) 
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( )( )e a w'cot '' '
(1 sin 'cos 2 ) sin 'sin 2 2 'sin ' sin 2 cos 2e e

e

c S u u

y y x y x

   
        

 + −     
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     (3.9) 

After simplifications, the two families of characteristics (ξ line and η line) are obtained 

using Eqs. (3.10) and (3.11), respectively: 

( )( )
( )

e a w

e e

tan( )

  

' 2 ' tan ' tan '

dy

dx
Line

S u u
d d dx dy

y

 
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   −
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e e

tan( )

  

' 2 ' tan ' tan '

dy

dx
Line

S u u
d d dx dy
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 
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
= +


   −
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                       (3.11) 

where μ = (π/4 - ϕ'/2), μ is the angle between the tangent of the slip lines and the direction 

of the major principal stress (see Fig. 3.1).  

 

3.2.3 Analytical solution to suction profile under transient flow  

One-dimensional form of Richards’ equation for the transient flow in an unsaturated 

soil is summarized below: 

w LC

LC LC

( )y
k

t y y

    +
=  

   
                                             (3.12) 

where t is the time; k is the hydraulic conductivity; ψ is the suction head; yLC is the vertical 

coordinate with the upward direction positive starting from the ground water level. It 

should be noted that the coordinate transformation is conducted by incorporating yLC into 

the coordinate system of the slip line procedure (e.g., yLC = Hw – y for level ground; Hw is 

the ground water table depth measured from the ground surface). Great efforts have been 

made by various scholars (Philip 1957, Broadbridge and White, 1988, Srivastava and Yeh 
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1991) to obtain the analytical solutions for the above highly nonlinear equation. In this 

Chapter, the analytical solution of matric suction with different time intervals and positions 

are obtained based on the solutions suggested by Srivastava and Yeh (1991). The solutions 

by Srivastava and Yeh (1991) are validated in the literature for estimation of the slope 

stability (Zhan et al., 2013) and 2D and 3D earth pressure (Shahrokhabadi et al. 2019, Li 

and Yang 2020). The advantages and disadvantages associated with the assumption of 

using 1D flow compared to 2D flow will be discussed in a later section. 

The relationship between the hydraulic conductivity and the soil volumetric water 

content is described using the model proposed by Gardner (1958) as follow: 

sk k e −=                                                                           (3.13) 

w r s r( )e     −= + −                                                            (3.14) 

where ks is the saturated hydraulic conductivity.  is a parameter that represents the 

reduction rate of SWCC (Zhan and Ng, 2004). There are also other good models for 

describing the soil hydraulic conductivity, for example, the van Genuchten model (1980). 

However, the Gardner’s model is used in this study because it is simple and has an 

exponential form for obtaining the closed-form solution of the matric suction. By 

substituting Eqs. (3.13) and (3.14) into Eq. (3.12), the linearized Richards’ equation can be 

obtained as:  

2

s r

s LC LC

( ) k k k

k t y y

  


−   
= −

  
                                                       (3.15) 

One initial and two boundary conditions are involved in this study to solve the partial 

differential equation (i.e., Eq. 3.15). Extending the assumptions in the studies by Srivastava 

and Yeh (1991), Shahrokhabadi et al. (2019), Li and Yang (2020), a constant surface 
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infiltration flux and a stationary water table is assumed. This is achieved by using a linear 

distribution suction profile to describe the steady state condition prior to the infiltration 

with a prescribed initial surface flux, qini equal zero. In addition, the matric suction in the 

soil is initially set as zero at the ground water table. The following dimensionless factors 

are defined for simplification purposes in the remainder of the discussions in this study:  

LC LCY ay= , 
s

k
K

k
= , wL aH= ,

s

q
Q

k
= , 

ini
ini

s

q
Q

k
= ,

s

s r

ak t
T

 
=

−
 

q is the surface influx of the rainfall. Eq. (3.15) can then be rewritten as 

2

2

LC LC

K K K

T Y Y

  
= +

  
                                                                         (3.16) 

The initial conditions and the boundary conditions can be described using the equations 

below:  

Initial condition with T = 0: LC

LC 0 LC( ,0) ( )
Y

K Y e K Y
−

= =                                        (3.17a) 

For YLC = 0, (ua - uw ) = 0 at the ground water table: (0,  ) 1K T =                               (3.17b) 

For YLC = L at the ground surface: 

LC
LC Y L

K
K Q

Y
=

 
+ = 

 
                                           (3.17c) 

Eq. (3.16) can be solved employing the Laplace transformation technique with the above 

initial and boundary conditions. The solution for this relationship can be expressed as  

( )
2

n

LC

(L )

n LC n2 4
ini

21
n

sin( )sin( )e
(Q 1)e 4

1 2
2

LCy T T
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n
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K Q Q Q e e

L
L

 



− −−
−

=

= − − − −

+ +
                    (3.18) 

where λn is the nth root of the pseudo-periodic characteristic equation as shown in Eq. 

(3.19). 

n ntan  ( ) 2 0L + =                                                      (3.19) 
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The expression of the matric suction and the effective degree of saturation, Se can be 

obtained as Eqs. (3.20) and (3.21) using the K solution along with Eqs. (3.13) and (3.14). 

( ) w
a w

ln( )K
u u

a


− = −                                                  (3.20) 

eS K=                                                                                       (3.21) 

3.3 Problem introduction  

The problem is first defined introducing the different failure modes that typically arise 

in slope stability analyses. The associated boundary value problems are summarized. The 

procedure for obtaining the solution to the slip line problems previously described is then 

discussed in this section. 

 

3.3.1 Problem definition 

Fig. 3.2 shows a typical strip foundation located on the top of an unsaturated soil slope. 

In this study, the effect of the soil deformation on the soil slope associated with matric 

suction is assumed negligible. One-side failure mechanism that is typically applied (Li et 

al., 2021) is extended in this study to estimate the ultimate bearing capacity of shallow 

foundations on sloping ground. For foundation on the slope, there are mainly four types of 

failure mechanisms: (i) foundation bearing capacity failure, (ii) slope face failure, (iii) toe 

failure, and (iv) the deep-seated failure (See Fig. 3.2). The deep-seated failure is also 

considered as a global slope failure. Foundation bearing capacity failure occurs when the 

foundation setback distance, b, is large enough; the bearing capacity of the foundation is 

almost equal to that on the level ground. Toe failure can be treated as a special case of the 

face failure when the slope height is equal to the sliding height.  
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Fig. 3.2 Definition of the problem and different failure modes 

 

3.3.2 Boundary value problem and solution procedure  

Finite difference method is employed to discretize the slip line equations (i.e., Eqs. 

(3.10) and (3.11)). After discretizing, the expression for the four components x, y, θ and σe' 

of a point on the slip line are obtained and summarized below (Eq. (3.22 – 3.25)): 
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where x1, y1, θ1, σe1' and x2, y2, θ2, σe2' describe the coordinates and stress states of the 

previous iteration points on slip line ξ and slip line η, respectively (see Fig. 3.3a).  

The matric suction profiles obtained in the previous section can be incorporated into 

the above Eqs. (3.22) to (3.25) with a unified coordinate system in Fig. 3.2 (i.e., extending 

coordinate transformation discussions introduced earlier). 

Boundary value problem is incorporated with the above finite difference equations. 

Figs. 3.3b, 3.3c and 3.3d describe different failure modes examples with the three different 

boundary value problems: Cauchy boundary value problem, degenerative Riemann 

boundary value problem and the mixed boundary value problem. The mobilized soil zone 

can be divided into passive zone, transition zone and the active zone as shown in Fig. 3.3b. 

By solving the corresponding boundary value problems, the stress state of the soil can be 

obtained in each zone. The initial boundary will start from the passive zone with no other 

surcharge at the ground surface. The soil surface is divided into several uniform grids with 

a length of dx. Details about parameters of the grids related to the accuracy of the 

calculation will be illustrated later. The initial stress state of each point at the soil surface 

in the passive zone can be written as  

( )e a w'
'cot '

1 sin '

 level ground

= -  sloping ground

e

c S u u




 

  

+ −
=

−

=                                                            (3.26) 
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                            (a)                                                                                    (b)  

  

                      (c)                                                                                    (d)  

Fig. 3.3 Schematic diagram of iteration points in the slip line method and 

boundary value problem: (a) Iteration point; (b) b = 0; (c) b ≠ 0; (d) Bearing 

capacity failure. 

 

The iterative method based on Eqs. (3.22-3.25) can be applied to solve the problem. 

After solving the Cauchy boundary value problem, the slip line between the passive zone 

and the transition zone can be used as an initial boundary condition in the degenerative 

Riemann boundary value problem. High stress gradients are developed at the singularity 

point (Point A in Figs. 3.3b, 3.3c and 3.3d) of the footing edge. The major principal stress 

direction changes abruptly at this point. Therefore, the point is treated as a characteristic 

line as all the points on the line converge into this point of singularity. The iteration 

technique is similar to that described for the Cauchy boundary value problem. For the 

active zone below the foundation, the foundation base and the slip line obtained from the 

degenerative Riemann boundary value problem are used as the initial boundary condition 
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for the mixed boundary value problem. The σe' at the foundation base can be obtained 

extending this approach after the iterations terminate. The vertical stress of each grid points 

at the foundation base can then be expressed using the obtained σe' as Eq. (3.27). The total 

foundation bearing capacity can be obtained based on Eq. (3.28). 

( ) ( )'

b e a w1 sin ' 'cot 'eq c S u u  = + − − −                                             (3.27) 

b
0

x

Q q dx=                                                                       (3.28) 

The flow chart in Fig. 3.4 summarizes the MATLAB program procedure. Several 

algorithms can be used for adjusting the grid parameters such as the hybrid algorithm by 

Powell (1970) and Martin (2004). In addition to the hybrid algorithm, a golden section 

search (GSS) algorithm is also developed to adjust the grid parameters for use in the present 

study. An initial value of dx is used as input into the slip line iteration procedure (e.g., 0.3) 

for the first iteration. The initial coordinate of the points on the slip line in the three zones 

mentioned above can then be obtained. The iteration direction will be determined based on 

the comparison of the X-coordinates of point N and point M (the foundation edge) (Fig. 

3.3b). The foundation bearing capacity will be output information when the relative 

deviation between the X-coordinates of point N and point M is less than 0.001 (Fig. 3.3b). 

If this is not achieved, adjustment procedure via iteration may be activated again. Each 

adjustment iteration involves recalculation of the three boundary value problems. The 

different failure modes can also be determined based on the critical slip line position for 

different input soil slope and foundation position parameters. 
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Fig. 3.4 Flow chart of the proposed framework 

 

3.4 Procedure verification 

A comparative study has been conducted to evaluate the proposed framework for the 

following:  

(1) Validation of the foundation bearing capacity in a saturated soil.  

This part of the study provides confidence from comparisons between existing 

bearing capacity related data in the literature and that obtained from the proposed 

framework. Both foundation on level and sloping ground are involved in the 

validation study. 
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(2) Comparative study of the matric suction profiles under transient flow condition. 

This part of the study provides details of a proposed procedure in simulating the 

non-uniform matric suction for transient flow conditions.  

(3) Comparative study of the foundation bearing capacity in unsaturated soils with 

different matric suction profiles.  

 

3.4.1 Validation of foundation bearing capacity in saturated soil ((ua - uw) = 0)) 

The comparative study is first conducted for evaluating foundation performance in a 

saturated soil extending Meyerhof (1951) bearing capacity equation. A foundation width 

of two meters and soil unit weight of 20 kN/m3 are used.  

Meyerhof (1951) proposed the general version of surface foundation bearing capacity 

equation as shown in Eq. (3.29). 

M c γ0.5Q c N B N= +                                                           (3.29) 

where Nc, Nγ are the bearing capacity factors. The total bearing capacity QM and Nγ obtained 

from this study are compared with the published data using theoretical method (e.g., limit 

analysis (LA), limit equilibrium analysis (LEA), discontinuity layout optimization (DLO) 

and radial movement optimization (RMO)) and model experiment (ME) (Meyerhof, 1957, 

Chen, 1975, Saran et al., 1989, Michalowski, 1997, Soubra 1999, Martin 2004, EI Sawwaf, 

2005, Leshchinsky, 2015, Zhou et al. 2018, Yang et al. 2019, Jin et al., 2020). Validation 

is conducted for foundation on level and sloping ground with different soil friction 

parameters (ϕ' = 10°, 30°,40°, 42°) and slope angles (β = 0°, 15°, 20°, 30°). Good 

comparisons are found between all the results obtained from the proposed procedure and 

that from the literature (Fig. 3.5). Most of the relative deviations are less than 15%. This 
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good agreement provides confidence of the proposed method in estimating the foundation 

bearing capacity on both level and sloping ground for saturated soils. 

 

 
Fig. 3.5 Comparison of results obtained in this study to the published literature 

on saturated soils 

 

3.4.2 Comparitive studies related to effective degree of saturation, Se and suction 

profiles  

The calculation procedure for the suction profile and effective degree of saturation, Se 

variations under the vertical transient flow condition are evaluated in this section. Two 

studies with silt (Shahrokhabadi et al., 2019) and clay (Li and Yang, 2020) listed in Table 

3.1 are used for comparison purposes.  

Table 3.1 Soil paramters information from two studies 

 θs θr ks (m/s) α (kPa-1) γ 

(kN/m3) 

References 

Study 1 – 

Silt 

0.45 0.1 1.0×10-7 0.5 20 Shahrokhabadi et al. 

(2019) 

Study 2 – 

Clay 

0.58 0.05 5.0×10-8 0.13 20 Li and Yang (2020) 
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     (a)                                                                              (b) 

  

      (c)                                                                             (d) 

Fig. 3.6 Comparison of Se, normalized (ua - uw) along with z/Hw under transient 

flow condition: (a) Se along z/Hw for silt; (b) Normalized (ua - uw) along z/Hw for 

silt; (c) Se along z/Hw for clay; (d) Normalized (ua - uw) along z/Hw for clay. 

 

Two ground water table depths, Hw = 6 m and Hw = 3 m, are considered for providing 

comparisons of the results. The ratio of the surface infiltration flux over the saturated soil 

hydraulic conductivity (q/ks) is set as one which represents an extreme infiltration condition 

(Shahrokhabadi et al. 2019). Fig. 3.6a and 3.6c  present the Se variation along with the 

normalized depth (z/Hw, z is the distance to the ground water table) under rainfall for silt 

and clay, respectively. Fig. 3.6b and 3.6d illustrate the corresponding normalized suction 
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profiles along with z/Hw in silt and clay. The results obtained from the procedure in this 

study are consistent with that in the study 1 and study 2 for silt and clay, respectively. The 

peak value for the normalized suction profile in Fig. 3.6b for silt at rainfall duration t = 30 

days is about 0.22 at a normalized depth of 0.6. This value is reduced to about 0.09 at z/Hw 

= 0.45 for a rainfall duration of 90 days. These variations under rainfall infiltration also 

agrees well with the two studies. The matric suction decreases as expected due to the 

rainwater infiltration. The reduction rate is related to different soil properties for the same 

rainfall characteristics as shown in Fig. 3.6. These results suggest the proposed procedure 

can provide reliable results for the matric suction variations associated with water content 

changes under the transient flow conditions. 

 

3.4.3 Comparative study on foundation bearing capacity in unsaturated soil 

The objective of this study is to evaluate the framework of the slip line procedure ((Eq. 

(3.22-3.25, 3.27, 3.28)) with different matric suction profiles in estimating the foundation 

bearing capacity. The vertical stress distribution (qb in Eq. 3.27) along the foundation width 

and the corresponding foundation bearing capacity (Q in Eq. 3.28) are compared to the 

studies conducted by Vo and Russell (2016) and Hou et al. (2020). The matric suction 

profiles provided in the two studies are used. The soil properties and other information are 

summarized in Table 3.2. The vertical stress along the foundation width and the 

corresponding bearing capacity obtained from the proposed procedure are presented in Fig. 

3.7a and 3.7b, respectively. Four ground water table depths were considered in this 

comparative study. In general, there is a relatively good agreement for the vertical stress 

variation along the foundation for both study 3 and study 4 in Fig. 3.7a. The corresponding 

bearing capacity obtained using the proposed procedure also agrees well with that in Study 
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3 and Study 4 in Fig. 3.7b. The maximum relative deviation between the bearing capacity 

obtained from the proposed method and that in Study 3 and Study 4 is 7.2%.  

 

Table 3.2 Soil properties and other information used in the comparative study 

 c' 
(kPa) 

ϕ' 

(°) 

γ 

(kN/m3) 

Hw 

(m) 

B 

(m) 

Suction 

profiles 

Method References 

Study 3 

– Silt 

- 25 19.8 10 2 (ua - uw) = 

23 - 1.1 z 

Slip line Vo and 

Russell 

(2016) 

Study 4 - 

c'- ϕ' soil 

10 30 17 2, 3, 

4 

7 (ua - uw)  = 

6.2 z 

Slip line Hou et al. 

(2020) 

 

 

 

(a)                                                                  (b) 

Fig. 3.7 Comparison of results obtained using the proposed method and that in 

the literature: (a) Comparison of vertical stress along the foundation base; (b) 

Comparison of the bearing capacity of foundation 

 

3.5 Parametric studies on foundation bearing capacity 

Parametric studies are conducted using the proposed procedure to investigate the 
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characteristics, slope angle, foundation setback ratio, ground water table depth is 

100

300

500

700

900

1100

1300

1500

1700

0 0.1 0.2 0.3 0.4 0.5

q
b

(k
P

a
)

X/B

Vo and Russell (2016), silt

This study

Hou et al. (2020), c'- ϕ' soil

Hw = 4 m

Hw = 2 m

Hw = 3 m

Hw = 10 mϕ' = 25˚

c' = 10 kPa
ϕ' = 30˚

0

500

1000

1500

2000

2500
Q

 (
k
N

)

This study

Hou et al. (2020), Vo and Russell (2016)

Hw = 4 m Hw = 3 m Hw = 2 m Hw = 10 m

Relative deviation : 4.0% 

5.1% 
7.2% 

-6.6% 



 
77 

 

considered. The parameters range of each of parameters investigated are summarized in 

Table 3.3. The bearing capacity is investigated on clay and two silty soils within all the 

four studies. The properties of the soils are summarized in Table 3.4. The soil properties 

are obtained from the published data in Shahrokhabadi et al. (2019) and Aubertin et al. 

(2009). Similar to the assumptions used in Vo and Russell (2016), the soil unit weight is 

set as 20 kN/m3 for all these example problems for simplicity. The soil unit weight will 

also have some influence on the bearing capacity that will be discussed later. A foundation 

width of 2 m is used for all the parametric studies. Results are presented to highlight the 

change in the normalized bearing capacity (Q / γB) of foundation. This normalized bearing 

capacity is similar to the normalized vertical stress (σy  / γB) discussed in Vo and Russell 

(2016). 

Table 3.3 Summary of parametric studies 

Parametric 

studies 

Study Ⅰ-rainfall 

characteristics 

 

Study Ⅱ-slope 

angle 

Study Ⅲ-

foundation 

set-back ratio 

Study Ⅳ-

ground 

water table 

depth 

Normalized 

Rainfall 

infiltration rate 

(q/ks) 

 

0.5, 1 1 1 1 

Rainfall duration 

(t, days) 

0, 30, 60, 90, 120 0, 30, 60, 90, 

120 

0, 30, 60, 90, 

120 

0, 30, 60, 

90, 120 

Slope angle (β) 0°, 20° 10°, 15°, 20°, 

25°, 30° 

0°, 20° 0°, 20° 

Foundation 

setback ratio 

(b/B) 

 

0, ∞ (Level 

ground) 

0, ∞  0, 0.5, 1, 1.5, 2, 

3, ∞  

0, ∞  

Normalized 

ground water 

depth (Hw/B) 

3 3 3 1.5, 3 
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Table 3.4 Soil properties used in the study  

Soil  Clay Silt 1 Silt 2 

Cohesion, c' (kPa) 6 3.6 3.6 

Soil internal friction angle, ϕ' (°) 25 25 25 

Fitting parameter, α (kPa-1) 0.13 0.5 0.3 

Saturated hydraulic conductivity, ks (m/s) 5.0×10-8 1.0×10-7 1.0×10-7 

Saturated volumetric water content, θs 0.58 0.45 0.38 

Residual volumetric water content, θr 0.1 0.1 0.06 

 

3.5.1 Effect of rainfall characteristics-Study Ⅰ 

Fig. 3.8 summarizes the influence of rainfall infiltration rate and rainfall duration on 

the normalized foundation bearing capacity with Hw/B = 3. A higher q/ks results in a lower 

normalized bearing capacity. For the clay in Fig. 3.8a, there is an obvious decrease in the 

bearing capacity with an increase in the rainfall duration when q/ks = 1 compared to q/ks = 

0.5. For foundation on level ground, the relative deviation of the normalized bearing 

capacity prior to rainfall and that after 120 days of rainfall is about 28.8% under q/ks = 1. 

The variation of the normalized bearing capacity of two silts along with the rainfall 

duration are different. When the rainfall infiltration rate is higher, the normalized bearing 

capacity of silt 1 in Fig. 3.8b has an increase during the early rainfall period and starts to 

drop after 30 days of rainfall. The normalized bearing capacity of silt 2 in Fig. 3.8c is 

constant during the period of early rainfall and starts to drop from 17.26 to 13.34 for the 

level ground. Same trends are observed for the sloping ground. The variation trend of the 

normalized bearing capacity with rainfall duration under q/ks = 0.5 is also distinct with that 

under q/ks = 1 for the two silt soils. The variations are not as obvious as observed for 

scenario with higher q/ks. The reason for the variation will be illustrated later. 
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(a)                                                               (b) 

 

(c) 

Fig. 3.8 Effect of rainfall characteristic on the normalized bearing capacity 

(Hw/B = 3): (a) Clay; (b) Silt 1; (c) Silt 2 

 

The critical slip surface correspond to Fig. 3.8 are shown in Fig. 3.9. The critical slip 

line reflects that the foundation failure mechanism on level ground, the face failure 

mechanism on sloping ground are the dominant failure mechanisms in the parametric study 

in this section. Though the types of the failure mechanisms have no variation under the 

water infiltration, the critical slip surface has some variation with the infiltration. The 

critical slip surface in clay shrinks inward with the longer rainfall duration in Figs. 3.9a 

and 3.9b. While for the silt 1 in Fig. 3.9c, less soil is mobilized prior to rainfall compared 
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to that (i.e., 30 and 60 days) after the rainfall. This critical slip line of 0 day also corresponds 

to the relatively lower normalized foundation bearing capacity in Fig. 3.8b at 0 day. Similar 

trends in the critical slip line variation can be observed in Fig. 3.8c and Fig. 3.9d for silt 2.  

 

 

                                                (a)                                                  (b)  

 

                                            (c)                                                (d)  

Fig. 3.9 Critical slip surface under the influence of rainfall infiltration (b/B = 0, 

Hw/B = 3): (a) Level ground for clay; (b) Sloping ground for clay; (c) Level 

ground for silt 1; (d) Sloping ground for silt 2 

 

The reason for the above phenomenon may be attributed to the contribution of matric 

suction along with the SWCC (last term in Eq. (3.1), (ua - uw) ((θ - θs) / (θs - θr) tan ϕ') or 

(ua - uw) Se tan ϕ')) under the transient flow conditions. The contribution of [(ua - 

uw)*Se*tan(ϕ')]  in clay and two silts along with matric suction are shown in Fig. 3.10a. Its 
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variation and matric suction change with respect to normalized depth are respectively, 

shown in Fig. 3.10b and 3.10c. The SWCCs of three soils are shown in Fig. 3.10d. For the 

clay in Fig. 3.10a, the contribution of [(ua - uw)*Se*tan(ϕ')] at point A, prior to the rainfall 

is 12.6 kPa. The matric suction in the soil decreases due to an increase in the soil water 

content associated with the rainwater infiltration (see Fig. 3.10c). After 60 days of rainfall, 

the contribution of [(ua - uw)*Se*tan(ϕ')] drops to about 8.2 kPa at Point A1 in Fig. 3.10a. 

From Point A to Point A1 and even after Point A1, the contribution value continues to 

decrease. This explains why the normalized bearing capacity of clay soil decreases during 

the rainfall. However, from Fig. 3.10a, the contribution of [(ua - uw)*Se*tan(ϕ')] in silt 1 

and silt 2 are not monotonically decreasing under rainfall infiltration. The variation trends 

of the normalized bearing capacity shown in Fig. 3.8b and 3.8c are similar to those in Fig. 

3.10a. The contribution value at point B is slightly lower than that at point B1 that 

corresponds to 60 days rainfall period.  

Similarly, with Fig. 3.10, the influence of the infiltration influx on the normalized 

bearing capacity can also be explained. The normalized bearing capacity of clay under q = 

0.5 ks keeps decreasing in Fig. 3.8a; this behavior is consistent with the trend from Point A 

to Point A05 in Fig. 3.10a. However, the changes in normalized bearing capacity of silt 1 

and silt 2 is not obvious when q = 0.5 ks, showing only a slight increase (From Point B to 

point B05 for silt 1 soil in Fig. 3.10a). The same explanation also works for the critical slip 

line variation. The critical slip line reflects the most possible failure plane. The shrink of 

the critical slip line is related to the reduction of the shear strength due to loss of [(ua - 

uw)*Se*tan(ϕ')] contribution. Therefore, bearing capacity and the corresponding critical 

slip surface is sensitive to the [(ua - uw)*Se*tan(ϕ')]  contribution caused by the water 
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content change under transient flow conditions. This further reflects that not only the 

rainfall characteristics influences the foundation bearing capacity, but also the soil 

properties and the soil type will have an impact on the foundation bearing capacity, under 

different rainfall infiltration conditions. 

 

 

Fig. 3.10 Contribution of matric suction under transient flow condition (ϕ' = 

25°): (a) (ua - uw) Se tan ϕ' variation with matric suction; (b) (ua - uw) Se tan ϕ' 

variation with normalized depth; (c) matric suction with normalized depth; (d) 

SWCC of the three soils 
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      (a)                                                        (b)  

 

(c)                                                      (d) 

 

(e)                                                        (f) 

Fig. 3.11 Influence of the slope angle on the normalized bearing capacity and 

critical slip line: (a) Clay; (b) Silt 1; (c) Silt 2; (d) Critical slip line of clay; (e) 

Critical slip line of silt 1; (f) Critical slip line of silt 2 
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Fig. 3.11 summarizes the influence of the slope angle on the foundation normalized 

bearing capacity and the critical slip surface. The slope angle has a significant effect on the 

normalized bearing capacity as well as the critical slip surface of foundations on all the 

three soils. As β increases from 0° to 30°, Q/γB of clay, silt 1 and silt 2 drop by average 

values of 56.38%, 65.80%, 64.05% respectively. The reduction of the normalized bearing 

capacity is due to the insufficient resistance provided by the soil on the sloping ground 

compared to that on the level ground. This also can be seen in the critical slip surface in 

Figs. 3.11d, 3.11e and 3.11f. The slip surface extends downward with an increasing slope 

angle. A higher soil stress concentration is mobilized near the footing edge for β = 10° 

compared to β = 20°. The slope face failure is the predominant failure mechanism for 

different slope angles based on the critical slip surface in Fig. 3.11. The foundation bearing 

capacity failure is found only for β = 0° (Level ground) in this section. Similar trends in 

normalized bearing capacity variation along with the infiltration duration can be observed 

under each slope angle. The discussion of the corresponding critical slip line variation 

along with the rainfall duration is not provided in this section, as the change is similar as 

in the previous section. 

 

3.5.3 Effect of foundation setback ratio-Study Ⅲ 

Fig. 3.12 summarizes the influence of the foundation setback distance. For all the three 

soils, the normalized bearing capacity increases with an increase in the foundation setback 

ratio. This behavior can be attributed to the increased soil resistance associated with a large 

foundation setback distance. The critical setback can be defined as the setback distance of 

foundation at which the behavior of the foundation on slope is the same as that on the level 

ground. The critical b/B of foundation on clay, silt 1 and silt 2 soil are respectively around 
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3 and 2 in the early water infiltration duration. Fig. 3.12b and 3.12c also suggest that the 

critical setback ratio decreases slightly for longer rainfall duration. This means the water 

infiltration has an impact on the foundation behavior irrespective of the foundation setback 

ratio.  

 

 

(a)                                                          (b)  

 

     (c) 

Fig. 3.12 Effect of foundation setback ratio on the normalized bearing capacity: 

(a) Clay; (b) Silt 1; (c) Silt 2 
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Figs. 3.13a, 3.13b and 3.13c. When b/B is larger than 3, the critical slip surface extends 

into the level ground. The corresponding failure mechanism varies from the face failure 

(Figs. 3.13a, 3.13b and 3.13c) to the bearing capacity failure (Fig. 3.13d) with an increase 

in the setback ratio. The critical setback ratio marks the transition from the face failure to 

the bearing capacity failure under each rainfall durations.  

 

 

(a)                                                  (b)  

 

(c)                                                 (d)  

Fig. 3.13 Critical slip surface with different foundation setback ratios (β = 20°, 

q/ks = 1): (a) b/B = 0; (b) b/B = 1; (c) b/B = 2; (d) b/B > 3 

 

3.5.4 Effect of ground water table depth-Study Ⅳ 

Fig. 3.14 summarizes the ground water table depth effect with Hw / B = 1.5 and Hw / B 

= 3 for the three soils. The normalized bearing capacity decreased markedly when Hw / B 

is reduced from 3 to 1.5 for the clay soil through the whole infiltration duration. However, 

for the two silts, the reduction will occur after a specific infiltration time. When Hw / B = 

b / B = 0

Silt 1

X

Y

b / B = 1

Silt 1

X

Y

b / B = 2

Silt 1

X

Y

Level ground

Silt 1

X

Y



 
87 

 

1.5, the normalized bearing capacity for all the three soils are reduced with an increasing 

infiltration duration. Only silt 1 shows a relative constant normalized bearing capacity 

value during early rainfall days. This behavior is different from that for the Hw / B = 3 

condition for the two silts.  

 

 

(a)                                                    (b)  

 

     (c) 

Fig. 3.14 Effect of the ground water table depth on the normalized bearing 

capacity: (a) Clay; (b) Silt 1; (c) Silt 2 
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Hw / B = 3. The normalized bearing capacity reduction of two silty soils is also obvious 

under Hw / B = 1.5 than that under Hw / B = 3 shown in Table 3.5. Same phenomenon is 

also found for foundation on the three soils on the sloping ground. Results reflects the 

ground water table depth will influence the variation of the normalized foundation bearing 

capacity under rainfall infiltration. 

 

Table 3.5 Relative deviation of Q/γB of 0 day compared to that of 120 days (q / ks =1) 

 Clay Silt 1 Silt 2 

Hw/B = 3, level 28.8% 0.4% 24.4% 

Hw/B = 3, β = 20° 35.3% 0.8% 28.8% 

Hw/B = 1.5, level 54.7% 38.2% 62.2% 

Hw/B = 1.5, β = 20° 67.6% 41.9% 72.0% 

 

The reason for the above phenomenon may be attributed to the matric suction 

contribution that is highlighted in Fig. 3.15. Fig. 3.15a provides details of the [(ua - 

uw)*Se*tan(ϕ')] along with the matric suction using the results of silt 1. This behavior is 

consistent with the results discussed using Fig. 3.10. The contribution arising from [(ua - 

uw)*Se*tan(ϕ')] has a significant effect on the normalized bearing capacity of foundation 

under the transient flow condition. For shallow ground water table depth, for example, Hw 

/ B = 1.5, the initial [(ua - uw)*Se*tan(ϕ')] contribution starts from point B as shown in Fig. 

3.15a. As the rainwater infiltrates into the soil, matric suction decreases (Fig. 3.15c) and 

the effective degree of saturation, Se increases as shown in Fig. 3.15d. The combined 

influence of matric suction and effective degree of saturation, Se results in an increase in 

the normalized bearing capacity during the early rainfall days in Fig. 3.15a. After a specific 

matric suction, the contribution from the [(ua - uw)*Se*tan(ϕ')] reduced with the decreasing 

matric suction (e.g., reduced to B60 point after 60 days of rainfall). The different variation 
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trend of the [(ua - uw)*Se*tan(ϕ')] from A to A60 under Hw / B = 3 and B to B60 under Hw / 

B = 1.5 is the predominant factor that influence the foundation normalized bearing capacity. 

These results also suggest that the initial matric suction distribution also influences the 

bearing capacity under the transient flow conditions. This discussion suggests that not only 

the matric suction will influence the bearing capacity, but also the initial ground water table, 

soil properties, soil types and rainfall characteristics will influence the foundation bearing 

capacity during rainfall. 

 

Fig. 3.15 Contribution of matric suction for silt 1 soil: (a) (ua - uw) Se tan ϕ' with 

suction; (b) (ua - uw) Se tan ϕ' with normalized depth; (c) matric suction with 

normalized depth; (d) SWCC of silt 1 soil 
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3.6 Discussion  

In practice, the soil unit weight varies with changes in the water content. Typically, the 

dry soil unit weight, γd and saturated soil unit weight, γsat are respectively used for soil 

above and below the ground water table. Some researchers have used the average unit 

weight in the analytical analysis for simplicity purposes (Vahedifard and Robinson, 2016, 

Cascone et al., 2021). Fig. 3.16 shows the procedure used by Cascone et al. (2021) for 

estimating the average unit weight. The average unit weight can be used in the slip line 

method in the iteration process for evaluating the stress state of point 3 from point 1 and 

point 2; point 1 and point 2 are the previous iteration points of point 3 on the slip line. It 

should be noted that there would be a variation in the soil unit weight associated with the 

fluctuation in the soil water content. The soil moist unit weight can be calculated using Eq. 

(3.30): 

s
w

1

G eS

e
 

+
=

+
                                                                (3.30) 

where γw is the unit weight of water, Gs is the specific gravity, e is the void ratio. For the 

clay, silt 1 and silt 2 soil in this study, the estimated soil unit weight variation associated 

with the changes in matric suction fluctuation (due to water content variations) is 

approximately in the range of 15 kN/m3 to 20 kN/m3. Fig. 3.17 illustrates the influence of 

soil unit weight on the foundation bearing capacity. For the bearing capacity obtained on 

level ground, the maximum relative difference between soil unit weight of 20 kN/m3 and 

15 kN/m3 is less than 13% for all the three soils. This difference further reduces to values 

less than 10% for foundation on sloping ground (b/B = 0). The variation in soil unit weight 

contributes to some complexities in the iteration computations, especially for the transient 

flow conditions. Therefore, it is reasonable to assume a constant value that is an average 
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soil unit weight in the bearing capacity estimation, for simplification purposes. Such an 

approach was also followed by several researchers in the recently published studies (Vo 

and Russell, 2016, Hou et al. 2020, Cascone et al., 2021 and Du et al., 2021).  

 

 

Fig. 3.16 Average soil unit weight in the slip line method 
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       (c)  

Fig. 3.17 Influence of the soil unit weight: (a) Clay; (b) Silt 1; (c) Silt 2 
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Several other factors such as the matric suction contribution to the slope stability and 

slope deformation are not considered in the analysis. These factors are also important to 

evaluate the foundation performance during its life span. In practice, the slope stability and 

the foundation bearing capacity do not use the same partial factors in the design (Eurocode 

7, 2004, CFEM, Canadian Geotechnical Society, 2006, Pantelidis and Griffiths, 2015).  

Many studies have provided valuable results on the slope stability taking account of rainfall 

infiltration (Zhan and Ng, 2004, Rahardjo et al. 2007, 2010, Xu et al. 2021). Insight into 

the effect of these factors towards the foundation bearing capacity on the sloping ground 

is expected to provide a valuable understanding. It can be used in the rational design of 

foundations taking account of the influence of climate factors. More in-situ tests and 

experiments data are expected to further explain the combined influence of the foundation 

and slope system under the climate influence. 

Similar to other theoretical studies, the present study is based on certain assumptions 

and simplifications. The matric suction profile in this study is determined considering 

transient flow behavior in the vertical direction. There may be some variations or other 

deviations with the matric suction values encountered in real practice. Hydraulic response 

of two-dimensional flow is likely to be slower than the one-dimensional flow (Li et al., 

2013, Lu and Godt, 2013). The matric suction near the slope face or sharp boundaries 

obtained by one-dimensional flow may have deviations in comparison to two-dimensional 

flow behavior (Shahrokhabadi et al., 2019). The foundation bearing capacity obtained with 

a higher foundation setback ratio condition will have less deviation compared to that 

obtained from a small foundation setback ratio due to the 1D flow assumption in this study. 

However, 1D flow is commonly used in the infiltration analysis for estimating the slope 
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stability (Collins et al., 2004, Ali et al., 2014, Qi and Vanapalli, 2015) and earth pressure 

estimation (Shahrokhabadi et al., 2019, Li and Yang, 2020). Several other investigators 

(Lee et al., 2011; Zhan et al., 2013, Li et al., 2013) also validated that the vertical flow 

plays a more dominant role in the singled layered homogeneous soil; the simplified vertical 

seepage infiltration model provides comparable results in comparison to the two-

dimensional slope stability analysis.  

 

3.7 Conclusions 

The bearing capacity of foundation on sloping ground under vertical transient flow 

conditions is investigated using an analytical framework proposed in this study. The 

analytical framework is based on the slip line method incorporated with the suction profile 

obtained by a closed-form solution assuming vertical transient flow conditions. The 

framework is a first attempt in the literature to combine the slip line method with the 

transient flow condition towards the evaluation of the foundation bearing capacity to the 

best of the authors’ knowledge. Parametric studies extending the proposed framework 

suggest that the [(ua - uw)*Se*tan(ϕ')]  contribution is the predominant factors that influence 

the foundation bearing capacity. This contribution under the transient flow condition varies 

depending on the rainfall characteristics, type of soil, soil properties and the initial ground 

condition. Overall, the infiltration flux and duration have a relative negative effect on the 

performance of the foundation. The rise of the ground water table depth and increase of the 

slope angle will contribute to a decrease in the foundation bearing capacity. In addition, 

the foundation setback distance needs to be taken care of in the design maintaining a critical 

setback distance. The proposed framework can be used by geotechnical engineers to 

evaluate the foundation bearing capacity on both level and sloping ground taking account 
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of the transient flow conditions in unsaturated soils during the entire service life span. The 

method can be extended as a tool in forensic studies to reliably assess the shallow 

foundations failures. 
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CHAPTER 4 

Failure envelops for foundation subjected to inclined and 

eccentric loading considering steady state and transient flow 

conditions in unsaturated soils3 

 

4.1 Introduction 

Foundations are often subjected to inclined, eccentric or their combined loadings due 

to the wind, earth pressures, and earthquakes. In certain scenarios inclined or eccentric 

loadings also arise in the asymmetric structures. There will be a significant reduction in the 

bearing capacity of foundations associated with inclined or and eccentric loadings (Ganesh 

et al. 2017). Several investigators (Meyerhof 1951, 1953, 1963; Hansen 1970; Vesic 1975) 

introduced the inclination factors and the effective width rule to quantify the inclined or 

eccentric loading on the bearing capacity. The inclination factors were originally proposed 

for the axially loaded foundation bearing capacity equation (Terzaghi 1943). The effective 

width rule was suggested by Meyerhof (1953) to account for eccentric loading by reducing 

the foundation width with twice the eccentricity, e. Both the methods are widely accepted 

and practiced in conventional geotechnical engineering practice. 

Over the years, many studies contributed towards rigorous understanding related to the 

bearing capacity of inclined and eccentrically loaded foundations (Michalowski and You 

1998; Hjiaj et al. 2004; Patra et al. 2012a, 2012b; Krabbenhoft et al. 2014; Ganesh et al. 

2017, Fathipour et al. 2022a, Li and Jiang 2022). An alternative method, which is referred 

 
3 The contents presented in this chapter are published as a journal article: 

Tan, M., & Vanapalli, S. K. (2023). Failure envelops for foundation subjected to inclined and eccentric 

loading considering steady state and transient flow conditions in unsaturated soils. Computers and 

Geotechnics, 157, 105315. 
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to as the failure envelope method was also extended by several researchers (Gourvenec and 

Randolph 2003; Taiebat and Carter 2000, 2002; Du et al. 2022; Fathipour et al. 2022a; 

Fathipour et al. 2022b; Ko et al. 2022) to describe the foundation behavior under the 

combined loading. The foundation is considered unsafe if the combination of the loads is 

outside the failure envelope. The inclined load can be treated as a combination of the 

vertical load, V and horizontal load, H. Similarly, the eccentric load can be considered as a 

moment load, M taking account of vertical load and the eccentricity. Compared to the 

traditional methods that are based on linear superposition of the load inclination and 

eccentricity or using independent reduction factors; the failure envelope method is 

advantageous as it explicitly considers the interaction of the V, H, and M and indicates the 

failure based on the changes that arise for each of the load components (Gottardi and 

Butterfield, 1993; Gourvenec and Barnett 2011). Moreover, other parameters such as the 

foundation embedment depth, soil shear strength profiles can also be incorporated into the 

failure envelope (Gourvenec and Randolph 2003).  

The above discussed methods provide acceptable results for determining the foundation 

bearing capacity under different loading conditions for saturated soils. However, in many 

scenarios the foundations are above the ground water table where the soil is in a state of 

unsaturated condition during their entire design life. Most of the studies for foundations in 

unsaturated soils focus on the behavior of foundations that are subjected only to axial 

vertical loads (Vo and Russell 2016; Tang et al. 2017, 2022; Ghasemzadeh and Akbari, 

2019; Akbari Garakani et al. 2020; Tan et al. 2021; Cheng et al. 2021; Anand and Sarkar 

2022). Some studies (Vahedifard and Robinson 2016, Mahmoudabadi and Ravichandran 

2019; Ravichandran et al. 2021; Anand and Sarkar 2022; Fathipour et al. 2022b; Tan and 
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Vanapalli 2022) recently investigated the foundation behavior under steady or transient 

state flow conditions in unsaturated soils. The results of these studies highlight how the 

foundation bearing capacity is influenced by different flow conditions in unsaturated soils. 

The behavior of foundations is mainly influenced by matric suction, which varies due to 

the water infiltration and evaporation conditions. Consequently, there is a significant 

variation of the shear strength and the foundation bearing capacity of unsaturated soils.   

To date, only limited studies were undertaken in the literature to understand the 

behavior of foundations that are subjected to inclined and eccentric loading conditions in 

unsaturated soils (Wuttke et al. 2013, Jin et al. 2021, Fathipour et al. 2022b). Jin et al. 

(2021) recently employed an improved radial movement optimization method to 

investigate the foundation behavior in unsaturated soils considering inclined loading 

conditions. As expected, the results show that the matric suction and its profiles influence 

the foundation bearing capacity. Fathipour et al. (2022b) investigated the strip footings 

subjected to combined V – H – M loading under steady state flow conditions in unsaturated 

soils using the lower bound finite element limit analysis. Results highlight the failure 

envelopes change due to the variations in flow characteristics associated with infiltration 

and evaporation conditions. However, rigorous studies are necessary for better 

understanding the foundation behavior subjected to the inclined and the eccentric loadings 

considering the influence of steady and transient state flow behavior in unsaturated soils.  

In this study, the bearing capacity of a surface foundation placed on unsaturated clay 

and silt that is subjected to inclined or eccentric loading are investigated considering 

different flow conditions. Fig. 4.1 presents three different scenarios considered in this study. 

Scenario 1 represents the foundation under axial vertical loading. Scenario 2 and Scenario 
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3 show the foundation subjected to non-eccentric inclined loading and the eccentric vertical 

loading, respectively.  

 

 

(a)                                                 (b)                                                (c) 

Fig. 4.1 Shallow foundation subjected to different loading conditions: (a) 

Scenario 1: Axial vertical loading; (b) Scenario 2: Inclined loading without 

eccentricity; (c) Scenario 3: Eccentric vertical loading 

 

Firstly, an analytical method is proposed for the three different scenarios shown in Fig. 

4.1 based on the slip line theory coupled with the analytical solution for both steady state 

and transient flow conditions. The proposed method is validated using the results from the 

published literature. The influence of four key parameters that include the effect of the 

influx or outflux, water infiltration durations, ground water table depths, soil internal 

friction angles on the bearing capacity of foundation with inclined and eccentric loads were 

investigated. The results are presented in the form of the failure envelopes. 

Based on the parametric studies results from the proposed analytical method, semi-

empirical equations are proposed for foundation subjected to the inclined or eccentric 

loading respectively in the V – H loading space and V- M loading space. These equations 

can predict the shape and size of the failure envelopes as a function of the matric suction, 

foundation width and other basic soil properties. The proposed semi-empirical equations 

B

M

Q (V) δ = 0, e = 0

B

M

V

H

Q 

δ

δ ≠ 0, e = 0

B

M

Q(V)

e

δ = 0, e ≠ 0

M = Ve



 
106 

 

are first examined using the results obtained from the parametric studies by the introduced 

slip line method. Later, for further examination of the proposed semi-empirical equations, 

failure envelopes obtained with additional parameters which were not used in the 

parametric study were investigated. The proposed semi-empirical equations can be 

implemented as a simple calculation tool to build the failure envelopes efficiently using 

only limited information for both saturated and unsaturated soils. 

The analytical method (i.e., modified slip line method) and the semi-emprical equations 

proposed in this Chapter are useful tools for the geotechnical engineers in the analyzing of 

foundations considering the influnece of different flow conditions in unsaturated soils. The 

proposed method can be used as a tool for more accurate forensic studies related to the 

behavior of foundations in general. 

 

4.2 The slip line framework  

4.2.1 Slip line equations 

In this method, the soil is assumed to be a rigid-plastic material that obeys the Mohr-

Coulomb yield criterion due to the plasticity zone of the soil is presented by the slip line 

method. In addition, foundation can be considered as a weightless rigid body. The weight 

of the foundation can be considered as surcharge loading. The foundation and the soil 

interface are also considered to be rough and the loading inclination angle, δ, is less than 

the internal friction angle, ϕ’, of the soil. When δ = ϕ’, the surface footing starts to slide 

along the interface (Michalowski 2001). In addition, deformation associated with variation 

in matric suction is not considered in the slip line method. Based on the studies discussed 

in the literature (e.g., Michalowski 2001, Li and Jiang, 2022), it is reasonable to assume a 

one-side failure mechanism for foundation under inclined or eccentric load as shown in 
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Fig. 4.2a. The coordinate axes are presented in Fig. 4.2a with the origin (O) at the right 

edge of the foundation.  

There are many models (e.g., Vanapalli et al. 1996, Khalili and Khabbaz, 1998, Lu and 

Likos, 2006) that provide reasonably good predictions of the contribution of matric suction 

towards the shear strength. In this study, the shear strength model (Eq. (4.1)) proposed by 

Vanapalli et al. (1996) is used; the three stress components used for the slip line solution 

can be expressed as Eqs. (4.2 – 4.4) with reference to Fig. 4.2b, 

( ) ( )n a a w etan tanc u u u S     = + − + −                                              (4.1) 

( )e e a w(1 sin 'cos 2 ) ' 'cot 'x c S u u    = + − − −                                         (4.2) 

( )e e a w(1 sin 'cos 2 ) ' 'cot 'y c S u u    = − − − −                                         (4.3) 

 yx esin 'sin 2 'xy   = =                                                                                (4.4) 

where τ represents the unsaturated soil shear strength. Se is the effective degree of saturation 

(Se = (S – Sr) / (S0 – Sr) or Se = (θw – θs) / (θs – θr)); S (θw) and Sr (θr) are the degree of 

saturation (volumetric water content) and the residual degree of saturation (residual water 

content), respectively; θs is the saturated soil volumetric water content; (ua – uw) refers to 

the matric suction; ua is the atmospheric pressure and is considered as the reference 

pressure. Σx, σy refer to the normal stresses in the X- and Y- directions, respectively; σe’, σm’ 

represent the effective equivalent stress and the effective mean stress as shown in Fig. 4.2b, 

respectively; τxy refer to the shear stress; θ is the rotation angle from the direction of the 

major principal stress, σ1, to the positive X- axis with counter-clockwise as positive. For 

foundation under inclined loading, the value of θ beneath the foundation can be expressed 

as Eq. (4.5). Fig. 4.2b provides more details of derivation of Eq. (4.5) that is based on the 
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Pole method. The plane PR in the Mohr’s circle in the figure provides the details of σ1 

acting on surface (Li et al. 2013). 

11 sin
sin

2 2 2 sin '

  




−= + +                                                                (4.5) 

 

(a) 

 

(b) 

Fig. 4.2 Stress state of foundation subjected to inclined loading: (a) Definition of 

the coordinate; (b) Mohr circle associated with inclined loading. 

 

The static equilibrium equations for a plane strain problem can be expressed as follows: 
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
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                                                                    (4.7) 

where x, y are the X coordinate and Y coordinate, respectively. It should be noted that the 

soil unit weight, γ is not constant due to changes in water content associated with different 

flow conditions. The soil moist unit weight can be expressed as Eq. (4.8). 

 s v e 0 e r

w

v

(1 )

1

G e S S S S

e
 

+ − −
=

+
                                                   (4.8) 

where γw is the water unit weight; Gs is the specific gravity of soil; ev is the void ratio and 

can be expressed using the γw, Gs, and the saturated soil unit weight, γsat. As a result, the 

soil unit weight in this study can be derived as Eq. (4.9), which is also used by Sun et al. 

(2019) for the slope stability estimation under steady state infiltration conditions. 

( )  ( )sat w s e 0 r r s w sat

s
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G S S S S G

G
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− + − + −
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−
                                    (4.9) 

By substituting the stress components (Eqs. (4.2 – 4.4)) into the equilibrium equations 

(Eqs. 4.6 and 4.7), two families of the characteristic equations for  and  lines (Eqs. 4.10 

and 4.11) can be formed after simplification as given below:   

( )( )
( )

e a w

e e

tan( )

  

' 2 ' tan ' tan '

dy

dx
Line

S u u
d d dx dy

y

 



     


= −


   −
 − = + − +       

        (4.10) 

( )( )
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e e

tan( )

  

' 2 ' tan ' tan '

dy

dx
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S u u
d d dx dy
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 



     


= +


   −
 + = + + 
   

                (4.11) 
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where μ is the inclination between the direction of σ1 and the tangent of slip lines as shown 

in Fig. 4.2b. These two equations can be solved using the finite difference method. More 

details about the procedure are discussed in a later section. 

 

4.2.2 Suction profile under steady state flow 

In the recently published literature, a few theoretical approaches have been developed 

to account for the suction-induced effect on the bearing capacity of foundation considering 

one dimensional vertical flow conditions (Vahedifard et al. 2015; Vahedifard and Robinson 

2016; Vo and Russell 2016; Sun et al. 2019). In this study, Gardner’s model (1958) (Eqs. 

(4.12 and 4.13)) that is widely used is employed for obtaining the suction profiles under 

both steady state and transient state unsaturated vertical flow.  

sk k e −=                                                                                  (4.12) 

w r s r( )e     −= + −                                                            (4.13) 

where k is the soil hydraulic conductivity. Ks represents the soil saturated hydraulic 

conductivity. A refers to the soil water characteristic curve (SWCC) reduction rate (Zhan 

and Ng, 2004). Ψ represents the suction head. The suction profile for such a scenario can 

be presented as Eq. (4.14) by combining the Gardner’s model and the Darcy’s law (Lu and 

Likos 2004).  

( ) ( )w w

a w

s s

1
ln 1

H yq q
u u e

k k





− −
  

− = − + −  
  

                                       (4.14) 

where q represents the vertical influx or outflux. Q is negative for infiltration condition and 

is positive for evaporation condition under the steady state flow case. Hw is the depth from 
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the ground surface to the ground water table. The corresponding effective degree of 

saturation, Se can be expressed as Eq. (4.15) based on the Gardner’s model. 

( )w w

w s s

1
ln 1

e

H yq q
e

k k
S e





− −  
+ −  

   =                                       (4.15) 

4.2.3 Suction profile under transient flow 

Richards’ equation is commonly used to describe the transient unsaturated flow 

behavior (Shahrokhabadi et al. 2019). The method suggested by Srivastava and Yeh (1991) 

is extended in this study to obtain the closed-form solution for the Richards’ equation to 

describe the time-dependent matric suction variation. This method can be used in the slope 

stability analysis, the earth pressure investigation and the foundation bearing capacity 

analysis (Zhan et al., 2013; Shahrokhabadi et al. 2019; Tan and Vanapalli 2022).  

The analytical solution of matric suction profiles under transient state flow can be 

obtained by linearizing the Richards’ equation (Eq. (4.16)) using the Gardner’s model (Eqs. 

(4.12) and (4.13)).  

w –

– )

( )

– )( (

w

w w

k
t

H y

H y H y

    +
=  

   

                                      (4.16) 

where t represents the time. Eq. (4.16) can be transformed to the linear equation as Eq. 

(4.17). 

( ) ( )

2

s r

s w w

( ) k k k

k t H y H y

  


−   
= −

  −  −
                                          (4.17) 

Eq. (4.17) generally can be solved using two boundary conditions and one initial condition. 

The lower boundary is assumed at the stationary ground water table with zero matric 

suction. The upper boundary is assumed at the ground surface with constant infiltration 

influx, q. It should be noted for transient flow, q is positive for the infiltration condition 



 
112 

 

which is different from the steady state flow. The initial matric suction distribution is 

obtained by performing a steady state flow analysis with a zero influx, in this study. The 

lower and upper boundaries and the initial condition can be written as Eqs. (4.18 – 4.20), 

respectively. 

Lower boundary: (0,  ) 1K T =                                            (4.18) 

Upper boundary: 
Y L

K
K Q

Y 


=

 
+ =  

                                     (4.19) 

Initial condition: 0( ,0) ( )YK Y e K Y
 − = =                               (4.20) 

where w( )Y a H y = − , 
s

k
K

k
= , wL aH= ,

s

q
Q

k
= ,

s

s r

ak t
T

 
=

−
 are the dimensionless 

parameters used for simplification purposes.  

By using the Laplace’s transformation technique, a dimensionless soil hydraulic 

conductivity ratio can be expressed as below:  

2
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n n2 4
s

21
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sin( )sin( )e
/ ( 1) 4

1 2
2

L Y T T
Y

n

Y L
K k k Q Q e Qe e
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 






− −−

−

=

= = − − −

+ +
              (4.21) 

where λn is the nth positive root of the characteristic equation (Eq. (4.22)). 

n ntan( ) 2 0L + =                                                  (4.22) 

The matric suction and the effective degree of saturation, Se can be obtained by the 

combined solution of Eq. (4.21) and the Gardner’s model (Eq. (4.12) and Eq. (4.13)).  

( ) w
a w

ln( )K
u u

a


− = −                                             (4.23) 

 
eS K=                                                                     (4.24) 

4.2.4 The framework for slip line method  
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The framework for the slip line method developed in the MATLAB is summarized in 

Fig. 4.3. The suction profiles under the steady state flow or the transient flow conditions 

are first obtained after inputting the required parameters. The obtained suction profiles 

were incorporated into the slip line procedure. The iteration of the slip line procedure is 

based on discretizing the slip line equations (i.e., Eqs. (4.10) and (4.11)) using the finite 

difference method; three boundary value problems, namely Cauchy boundary value 

problem, degenerative Riemann boundary value problem and the mixed boundary value 

problem (see Fig. 4.2a), are considered in the iteration. For construction of the slip line 

field, the numerical iteration will be initiated with the Cauchy boundary value problem. 

The soil surface (i.e., OG in Fig. 4.2a) is divided into several grids with an initial uniform 

size. The information of these iteration points including the coordinates (i.e., x, y) and the 

stress state (i.e., σe’, θ) are known at the soil surface OG for the present study. The Point 3 

(i.e., intersection point of the two slip lines) in Fig. 4.2a can then be obtained based on 

information of previous iteration Point 1 and Point 2 on the two families of slip line. Then 

the slip line field are built in zone OTG in Fig. 4.2a. The points on the slip line OT can be 

considered as the new iteration boundary for zone OMT. The singularity point O is treated 

as a slip line such that all the iteration points on this slip line is converged into this point. 

The stress state variation for this singularity point depends on the stress state of O in zone 

OTG and that in zone OMN at the soil surface beneath the foundation. The slip line field 

in zone OMT can be built considering the degenerative Riemann boundary value problem 

with boundary O and OT. As mentioned earlier, the direction of the major principal stress 

at the soil surface (i.e., Line ON) beneath the foundation can be obtained using Eq. (4.5). 
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The OM and ON boundaries can be used to initiate the slip line construction in zone OMN 

considering the mixed boundary value problem.  

 

 

Fig. 4.3 Flow chart of the slip line procedure 

 

After the information (i.e., x, y, σe’, θ) for all the points on the slip line are obtained, 

the accuracy of the slip line field is examined by a developed trial and iterative procedure. 

This procedure is activated based on the Golden Section search method. Details about the 

Golden Section search method available in Tan and Vanapalli (2022) and are not repeated 

here. The slip line field in the three zone will be recalculated in this procedure until the last 

point (i.e., Point N in Fig. 4.2a) on the critical slip line (the outer slip line as shown in Fig. 
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4.2a) has a deviation equal 0.001 or less with the point at the left edge of the foundation 

base. The vertical stress and the shear stress are subsequently obtained based on Eq. (4.3) 

and Eq. (4.4) with the obtained points information along the foundation base. For the 

inclined loading condition, the vertical loading component and the horizontal loading 

component can then be derived by integrating the vertical stress and the shear stress along 

the foundation base, respectively. The vertical loading component of eccentric loading is 

also obtained by a method that is similar for obtaining the vertical loading component of 

inclined loading. The moment loading component can be obtained by multiplying the 

vertical loading with the eccentricity. 

 

4.3 Proposed framework verification  

In this section, results obtained from the proposed slip line procedure detailed in the 

previous section are compared with the published data from the literature for providing 

validations. These comparisons highlight two key aspects that are relevant to the present 

study. First, the feasibility and accuracy of the proposed framework in obtaining the 

foundation bearing capacity subjected to inclined and eccentric loadings in saturated soils 

are examined using the published studies. Later, comparisons are undertaken for 

foundation vertical stress along the foundation width and the bearing capacity in 

unsaturated soils considering the unsaturated flow conditions. 

4.3.1 Foundation subjected to inclined and eccentric loads 

Equation (Eq. (4.25)) proposed by Meyerhof (1963) is widely used in the determination 

of surface foundation bearing capacity in saturated soils.  

b c c γ γ

1
' '

' 2

Q
q c N i B N i

B
= = +                                                 (4.25) 
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where Nc, Nγ represent the bearing capacity factors. Ic, iγ are the inclination factors. Several 

researchers proposed inclination factors (Meyerhof 1963; Hansen 1970; Vesic 1975) to 

take account the inclination loading (see Table 4.1).  

 

Table 4.1 Summary of the bearing capacity factors 

References Nc Nq Nγ ic iq iγ 

Meyerhof 

(1963) 
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(a)                                                                (b) 

Fig. 4.4 Comparison between the results from the present study and published 

results from the literature: (a) Foundation with inclined loading; (b) 

Foundation with eccentric loading. 

 

In this comparative study, the soil cohesion is set as 6 kPa and the soil unit weight is 

assumed to be a constant value of 20 kN/m3. These values are reasonable for the fine-

grained soils investigated in this study. Results calculated from different inclination factors 
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(i.e., Meyerhof 1963; Hansen 1970; Vesic 1975) along the Eq. (4.25) and that from this 

study by the slip line method are presented in Fig. 4.4. There is a reasonably good 

agreement between all the four different methods for saturated soils. These results provide 

confidence with respect to the reliability of the proposed method for the determination of 

foundation bearing capacity for inclined and eccentric loading conditions. 

4.3.2 Foundation performance considering unsaturated flow conditions  

In this section, the foundation bearing capacity and vertical stress along the foundation 

width obtained from the proposed slip line framework considering the hydrostatic, steady 

state and transient unsaturated flow are compared with the results from published studies. 

Two experimental studies (Wuttke et al. 2013, Shwan 2015) and three different approaches 

proposed by Vo and Russell (2016); Hou et al. (2020); Tan and Vanapalli (2022) 

respectively, are used for providing these comparisons. Soil properties used in the 

comparative studies are summarized in Table 4.2.  

 

Table 4.2 Soil properties used in comparative studies 

References c' 
(kPa) 

ϕ' 
(°) 

γ 

(kN/m3) 

Hw 

(m) 

ks 

(m/s) 

q 

(m/s) 

Comparison 

purpose 

Wuttke et al. 

(2013) 

0.01 46.9 17.65 - - - Hydrostatic 

Shwan (2015) 2 36.8 19.33 - - - Hydrostatic 

Vo and 

Russell 

(2016) 

_ 25 17 10 1.0×10-7 qin:  

-3.14 × 10-8 

Infiltration 

Steady state 

Hou et al. 

(2020) 

10 30 19.8 1, 4 1.0×10-7 qout: 

1.15 × 10-8 

Evaporation 

Steady state 

Tan and 

Vanapalli 

(2022) 

6 25 20 6 5×10-8 qin: 5 × 10-8 Infiltration 

Transient 

state 
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(a)                                                         (b) 

 

(c)                                                             (d) 

 

(e) 

Fig. 4.5 Comparison of proposed framework with published studies (a) [Se(ua – 

uw)] under steady state condition; (b) [Se(ua – uw)] under transient flow 

condition; (c) Vertical stress along foundation width under steady state 

condition; (d) Vertical stress under transient condition; (e) Hydrostatic 

condition. 
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Fig. 4.5a and 4.5b show the good consistency of the [Se (ua – uw)] profiles obtained 

from the proposed framework and that from Vo and Russell (2016), Hou et al. (2020) and 

Tan and Vanapalli (2022).  Fig. 4.5c presents results of the vertical stress along the 

foundation width, qb, under steady state unsaturated flow. A good agreement can be 

observed between the results obtained from the slip line procedure in comparison to 

published results in the literature for both evaporation and infiltration conditions. Fig. 4.5d 

shows the average qb variation with respect to time for the transient flow condition. In an 

earlier study by Tan and Vanapalli (2022), a constant soil unit weight was used. In this 

study, both the constant soil unit weight and the varying soil unit weight taking account of 

water content changes are used for providing comparisons: (i) verifying the accuracy of the 

results from the proposed procedure; (ii) providing comparisons using the varying soil unit 

weight and the constant soil unit weight. The differences between the results obtained 

considering the variations in the soil unit weight and the constant soil unit weight is not 

significant (see Fig. 4.5d). However, conservative results can be obtained by taking account 

the soil unit weight variation into account.  

The comparison results of the proposed framework and two model footing tests of strip 

foundation are presented in Fig. 4.5e. The foundation widths used in Wuttke et al. (2013) 

and Shwan (2015) are respectively 79mm and 25 mm. The average matric suction in 

between the foundation base to a depth of 1.5B is provided by Wuttke et al. (2013). Then 

the matric suction and the effective degree of saturation profile used in the proposed 

framework are estimated based on the given average matric suction and the SWCC fitting 

parameters. The Fredlund and Xing (1994) equation (Eq. 4.26) was used in Wuttke et al. 

(2013) with fitting parameters αf = 2.4 kPa, nf = 9.95 and mf = 1.4.  
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( ) ( )
f

f

e a w fln /
m

n

S e u u 
−

= + −                                   (4.26) 

where e is the natural logarithm number.  

As soil unit weight is not given in Wuttke et al. (2013) it is assumed to be the same 

value as in Yuan and Du (2020) who conducted comparisons using the experimental results 

from Wuttke et al. (2013). For the experiment conducted by Shwan (2015), the matric 

suction value and the corresponding effective degree of saturation that were provided were 

incorporated into the slip line procedure directly. 

Good agreement (i.e., deviation values less than 15% in Fig. 4.5e) of the bearing 

capacity of strip foundations obtained from the proposed slip line procedure and that from 

the experimental studies provides more confidence for the proposed framework in 

determining the foundation bearing capacity. Results summarized in Fig. 4.5 suggest that 

the results obtained from the proposed slip line method are reliable and reasonable. The 

method therefore can be used for determination of the foundation bearing capacity for the 

inclined and eccentric loading conditions considering the different unsaturated flow 

conditions in unsaturated soils. 

 

4.4 Problem definition 

Earlier studies in the literature suggest that the influence of the steady state flow rate in 

a coarse-grained unsaturated soil is insignificant (e.g., Vahedifard and Robinson 2016). For 

this reason, investigations are undertaken using two different soils; namely, clay and silt 

that represent fine-grained soils to study the influence of steady and transient state flow 

conditions. The clay and silt properties summarized in Table 4.3 are obtained from 

published studies (Vahedifard and Robinson 2016; Tan and Vanapalli 2022), respectively.  



 
121 

 

The foundation with an inclined loading without eccentricity (Scenario 1 and 2 in Fig. 

4.1) is first investigated followed by the foundation that is subjected to eccentric vertical 

loading (Scenario 1 and 3 in Fig. 4.1). The steady state and transient flow conditions are 

considered for both the inclined and eccentric loading cases. The effect of the ground water 

table depth, the flow rates, and the soil internal friction angle to the foundation bearing 

capacity and the corresponding failure envelopes are investigated. The range of these 

parameters are summarized in Table 4.4.  

 

Table 4.3 Properties of the soils used in the study 

Properties Clay Silt 

Specific gravity, Gs 2.71 2.67 

Effective cohesion, c' (kPa) 10 5 

Saturated soil unit weight, γsat (kN/m3) 20 20 

Fitting parameters, α (kPa-1) 0.005 0.01 

Saturated hydraulic conductivity, ks (m/s) 5.0 × 10-8 1 × 10-7 

Saturated volumetric water content, θs 0.58 0.38 

Residual volumetric water content, θr 0.1 0.06 

 

Table 4.4 Details of various parameters used in the study 

Parametric studies Range Investigated condition 

Ground water table depth, Hw (m) 4 m, 8 m ϕʹ = 30º 

Steady state: qin: -3.14 × 10-8 m/s 

                     qout:1.15 × 10-8 m/s 

Transient state: 3.14 × 10-8 m/s 

 

Flow rates, q (m/s) Steady state:  

   qin: -3.14 × 10-8 m/s 

   qout:1.15 × 10-8 m/s 

Transient state:  

   qin:3.14 × 10-8 m/s 

 

ϕʹ = 30º 

Hw = 4 m,  

Hw = 8 m 

 

Soil internal friction angle, ϕʹ (°) 10º, 20º, 30º Hw = 8 m 

Steady state: qin: -3.14 × 10-8 

 

4.5 Foundation with non-eccentric inclined loading 
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4.5.1 Influence of steady state flow on the bearing capacity 

4.5.1.1 Effect of the flow rates and ground water table depths 

The results summarized in Fig. 4.6 highlight the effect of the loading inclination on the 

foundation bearing capacity along with different ground water tables and flow rates. Fig. 

4.6a and Fig. 4.6d show the total ultimate bearing capacity variation along with the 

inclination for clay and silt, respectively. The obvious reduction trend is found in the two 

figures for the bearing capacity with an increase in the loading inclination angle. The 

relative deviation between the foundation bearing capacity for the axial loading and that 

for an inclination angle of 25° is presented in Table 4.5. The bearing capacity of foundation 

for both soils have a reduction of approximately 65% to 75% for loading inclination angle 

that increases from 0o to 25°. 
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                                                                  (f) 

Fig. 4.6 Influence of the loading inclination angle under steady state flow: (a) 

Effect of δ on Q of clay soil; (b) Influence of the q and Hw on V – H loading for 

clay; (c) Normalized failure envelope for clay; (d) Effect of δ on Q of silt soil; (e) 

Influence of the q and Hw on V – H loading for silt; (f) Normalized failure 

envelope for silt. 

 

This relative deviation value is also influenced by the variations in the ground water 

table depth and the flow rates. For a given flow rate, the relative deviation value of the 

bearing capacity between two inclination angles (i.e., 0° and 25°) is slightly lower at a 

ground water table level depth that is deeper from the ground surface (see Table 4.5). 

However, for a given ground water table depth, the relative deviation value increases for 

the infiltration condition and decreases for flow scenarios that represent evaporation 

conditions. For example, the relative deviation value for clay at Hw = 4 m under q = 0 m/s 

is 70.19%; this value drops to 68.78% at Hw = 8 m. The value 70.19% increases to 74.45% 

at Hw = 4 m when subjected to infiltration with q = -3.14 × 10-8 m/s. Such a behavioral 

trend may be attributed to the matric suction and the corresponding effective degree of 

saturation, Se (i.e., due to the last term in Eq. (4.1), [Se (ua – uw) tanϕ’]). The variation of the 
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[Se (ua – uw) tanϕ’] will be explained together with the transient flow condition, in a later 

section. The above results suggest that the negative effect of the loading inclination angle 

is alleviated to a certain extent for higher matric suction values that results from the initial 

ground water table depth and the flow rates.  

The inclined loading can be considered as the combined loading of the horizontal and 

vertical loads. In addition to the total ultimate bearing capacity, the influence of the flow 

rates and the ground water table depths on the individual loadings are shown in Figs. 4.6b 

and 4.6e for the two types of soils.  For a given inclination loading angle, δ, both the 

horizontal and the vertical loadings increase for the flow behavior representing evaporation 

condition and decrease for the flow behavior associated with infiltration condition. 

Moreover, a deeper ground water table contributes towards higher horizontal and vertical 

loadings for constant δ. The matric suction contributes not only towards the vertical loading 

but also to the horizontal loading. 

 

Table 4.5 Deviation of the bearing capacity for δ = 0° and δ = 25° 

Soil Hw (m) q = 0 m/s q = -3.14 × 10-8 m/s q = 1.15× 10-8 m/s 

Clay 4 70.19% 74.45% 69.09% 

 8 68.78% 73.15% 67.63% 

Silt 4 71.04% 73.32% 70.13% 

 8 69.34% 71.94% 68.47% 

 

The different soil types also have a significant impact on the bearing capacity variation 

as shown in Figs. 4.6b and 4.6e for clay and silt. However, similar trend is observed for 

both the clay and silt for the variation of the horizontal and vertical loading components 
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with the loading inclination angle. For a given ground water table depth or the constant 

flow rate, there is a continuous reduction in vertical loading with increasing δ, while the 

horizontal loading increases with the δ until reaching a maximum value at a specific 

loading inclination angle and then starts decrease. This is reasonable as the vertical loading 

component contribution is the predominant loading for low values of δ. The resistance 

along the soil and foundation interface is the main factor that influences the horizontal 

loading at large inclination angles. The foundation starts to slide when δ is equal to the ϕ’ 

as per the earlier discussions. 

The normalized failure envelopes for the two soils are shown In Figs. 4.6c and 4.6f, 

respectively. The normalized horizontal bearing capacity is defined as H / Vmax (Vmax 

represents the ultimate vertical bearing capacity for foundation under only vertical loading) 

and the normalized vertical bearing capacity is defined as V / Vmax. The normalized failure 

envelope shape for each parameter is approximately the same and falls in a narrow band 

that typically exhibits a parabolic form. The failure envelop variation is insignificant if the 

bearing capacity is normalized. For values of δ ≤ 5°, the normalized failure envelopes 

variation for different ground water tables or various flow rates are not obvious compared 

to values of δ that are higher. The vertical loading is the predominant loading component 

for the lower loading inclination angle and most contribution of the matric suction is 

towards the vertical loading at this stage. Overall, the failure envelope expands for 

foundation for evaporation condition and shrinks for foundation for infiltration condition. 

The maximum value of the normalized horizontal bearing capacity drops from 0.169 to 

0.150 for q = 0 m/s to q = -3.14 × 10-8 m/s for the clay soil at Hw = 8m; and that for the silt 

drops from 0.166 to 0.155. The maximum values for all the conditions are found at V / Vmax 
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values between 0.43 to 0.45 at inclination loading in the range of 15° to 20°. This range is 

consistent with the result of 20° presented by Fathipour et al. (2022b) for a clay. In addition 

to the influence of the flow rates on the failure envelope, expansion of the failure envelope 

is also observed for shallow ground water table depth. The reason for the failure envelopes 

variation for different flow rates and the ground water table depths can be attributed to the 

contribution arising from [Se (ua – uw) tanϕ’].  

 

4.5.1.2 Effect of the soil internal friction angle 

All the results summarized are conducted for soils with an internal friction angle of 30°. 

The internal friction angle typically has an impact on the foundation bearing capacity for 

the inclined loading and the corresponding failure envelopes (Loukidis et al. 2008; Zheng 

et al. 2019; Jin et al. 2021). In this study, the influence of the internal friction angle is 

investigated for only steady state with infiltration condition because the variation of the 

effective internal friction angle with respect to the matric suction can be typically neglected 

(Fredlund and Rahardjo 1993). Figs. 4.7a and 4.7d respectively illustrates the total ultimate 

bearing capacity of foundation on clay and silt soil with respect to the loading inclination 

angle under different internal friction angles. It is obvious that the internal friction angle 

contributes significantly towards the ultimate bearing capacity. Q at ϕ’ = 30° is more than 

seven times of that for Q at ϕ’ = 10° for clay under vertical loading. The value for the silt 

is much higher (i.e., almost nine times).  
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   (a)                                                       (b) 

 

                                           (c)                                                      (d)                                                

 

                                          (e)                                                      (f) 

Fig. 4.7 Influence of the soil internal friction angle: (a) Influence of the ϕ’ on the 

Q for clay soil; (b) Effect of ϕ’ on the V, H loading of clay soil; (c) Normalized 

failure envelope for clay; (d) Influence of the ϕ’ on the Q for silt soil; (e) Effect 

of ϕ’ on the V, H loading of silt soil; (f) Normalized failure envelope for silt 
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The variations of the vertical and horizontal loading components are summarized In 

Figs. 4.7b and 4.7e. The V – H loading envelope expands significantly with a higher soil 

internal friction angle, and both the maximum horizontal and vertical loading obviously 

increase. For example, the maximum horizontal bearing capacity obtained for the internal 

friction angle of 30° is about 2.5 times of that obtained for an internal friction angle of 20° 

for clay as shown in Fig. 4.7b; this is even higher, which is almost three times for the silt 

(see Fig. 4.7e). However, the normalized failure envelopes show a different variation trend 

in Figs. 4.7c and 4.7f. The envelope expands for soil with a lower internal friction angle. 

The reason for this behavior may be attributed to the higher vertical maximum bearing 

capacity obtained for a higher internal friction angle (Vmax). The horizontal bearing capacity 

is normalized with this relatively higher vertical bearing capacity and the normalized value 

is therefore lower than that obtained for a soil with lower internal friction angle. This 

variation trend is also consistent with the published studies for saturated soils (Loukidis et 

al. 2008; Pham et al. 2020). 

4.5.2 Influence of transient flow on the bearing capacity  

Fig. 4.8 presents the foundation bearing capacity variation with respect to the loading 

inclination under the vertical transient flow condition (qin = 3.14 × 10-8 m/s). As expected, 

the loading inclination has a negative effect on the total bearing capacity for both clay and 

silt for any given rainfall duration (see Figs. 4.8a and 4.8d). For a given δ, Q continues to 

decrease with an increase in the infiltration duration; however, the rate of decrease value 

is dependent on the type of soil. For δ = 10°, the reduction of the bearing capacity for 

foundation on clay prior to infiltration and that for 30 days is 35.7%; while the reduction 

for foundation for silt is about 20%.  
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(a)                                                  (b) 

 

                                       (c)                                                   (d) 

 

                                        (e)                                                  (f) 

Fig. 4.8 Influence of the foundation bearing capacity under the transient flow 

condition (Hw = 8 m): (a) Effect of δ on the Q for clay; (b) V, H loading for clay; 

(c) Normalized failure envelope for clay; (d) Effect of δ on the Q for silt; (e) V, 

H loading for silt; (f) Normalized failure envelope for silt. 
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The transient flow impact on the vertical and horizontal loading components are shown 

in Figs. 4.8b and 4.8e. The V – H loading envelope shrinks with an increase in the 

infiltration duration. The shape of the V – H loading envelope is observed to be consistent 

with that of the steady state condition. The horizontal loading increases with an increase in 

the loading inclination angle; however, it drops after reaching a certain maximum value at 

a specific loading inclination angle. The maximum value of the horizontal loading 

inclination angles is between 15° and 20° for both the steady state and the transient state 

flow conditions for the two soils. The normalized failure envelopes in the V – H loading 

space in Figs. 4.8c and 4.8f for different rainfall durations also shrink with an increase in 

the infiltration duration. However, the variation is limited to a narrow band, especially for 

the silt. This means the infiltration influence is more obvious on the foundation subjected 

to the inclined loading on clay soil compared to the silt soil.  

Fig. 4.9 summarizes the ground water table influence on the normalized failure 

envelope in V – H loading space under transient flow condition. Generally, after 

normalizing the bearing capacity, the failure envelop variation between the two ground 

water table depths are not significant. However, for shallow ground water table depth, 

infiltration duration required is less to achieve a similar failure envelope as for the steady 

state condition. Moreover, the deviation of the failure envelopes for different infiltration 

durations is small when the ground water table depth is shallow. This is more obvious for 

silt at Hw = 4 m compared to clay. For loading inclination angles that are typically low (e.g., 

δ ≤ 5°), the normalized failure envelope almost has no variation.  
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              (a)                                                              (b) 

 

(c)                                                         (d) 

Fig. 4.9 Normalized failure envelopes in the V – H loading space at different Hw: 

(a) For clay at Hw = 4 m; (b) For clay at Hw = 8 m; (c) For silt at Hw = 4 m; (d) 

For silt at Hw = 8 m. 

 

Fig. 4.10 illustrates the reason for the foundation bearing capacity variation and the 

envelope variation with respect to the variations in unsaturated flow conditions. The term 

[Se (ua – uw) tanϕ’] (from Eq. (4.1) which is the shear strength contribution) along with the 

Y axis is shown in Fig. 4.10 for clay, as an example. The increase [Se (ua – uw) tanϕ’] 

contributes directly to the shear strength of the soil and consequently provide a higher 
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the horizontal loading and vertical loading. Results summarized in Vahedifard and 

Robinson (2016) and Tan and Vanapalli (2022) for the foundations respectively under the 

steady state and transient flow conditions also indicate that the [Se (ua – uw) tanϕ’] is the 

key factor that influences the bearing capacity variation. This term is influenced by the 

initial ground water table depth (or the initial suction profiles), the soil properties, and the 

flow rates. In summary, the foundation bearing capacity is influenced by not only the soil 

properties, but also the loading condition and the unsaturated flow conditions. 

 

 

Fig. 4.10 [Se (ua – uw) tanϕ'] variation along the Y coordinates 

 

4.6 Foundation with eccentric vertical loadings 

A schematic diagram of foundation subjected to eccentric loading is shown in Fig. 4.11. 

The effective width rule is used in the slip line procedure following the discussions 

summarized in the earlier sections. The effective width rule assumes the contact pressure 

along the foundation base is identical to the axially loaded foundation but with a reduced 

width as shown in Fig. 4.11b. It should be noted that the deformation cannot be considered 
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extended for reliable foundation bearing capacity determination (e.g., Michalowski and 

You 1998, Taiebat and Carter 2002, Krabbenhoft et al. 2012).  

 

 

Fig. 4.11 Foundation subjected to eccentric vertical loading  

 

4.6.1 Influence of steady state flow on the bearing capacity 

Fig. 4.12 summarizes the effect of the eccentricity ratio (e / B) on the foundation 

bearing capacity and the corresponding normalized failure envelope for the steady state 

flow condition. Figs. 4.12a and 4.12c illustrate the variation of the vertical loading and the 

moment loading component with respect to the e / B for clay and silt, respectively. The 

variation of the vertical and the moment loading for the two soils are similar. The vertical 

loading is observed to decrease proportionally as the e / B increases. The moment loading 

is related to two components: namely, the eccentricity and eccentric vertical load. It is the 

total contribution of these two components that lead to the moment loading which increases 

initially with an increase in the e / B and then reduces with a further increase in the e / B 

values. The maximum value of the moment loading is obtained at e / B around 0.2 ~ 0.25. 

In addition, the maximum value of the moment is achieved at V / Vmax around 0.48 to 0.5 

from the normalized failure envelope shown in Figs. 4.12b and 4.12d. 
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Fig. 4.12 highlights the influence of the flow rates and the ground water table depths 

on the bearing capacity and the failure envelope variation. The higher vertical and moment 

loading components can be observed for the evaporation conditions or at a deeper ground 

water table. These observations are consistent with that for foundation under the inclined 

loading. The normalized failure envelopes in Figs. 4.12b and 4.12d shrink under the 

infiltration condition. However, the variation value of each failure envelop under different 

flow rate or ground water table are not as significant as that without normalized bearing 

capacity. For eccentricity ratios of e / B ≤ 0.1, the impact of the flow rates and the ground 

water table depth almost have no impact on the normalized failure envelope. At this stage, 

the vertical loading is the predominant loading that controls the soil failure. The matric 

suction mainly contributes to the vertical loading. The maximum vertical load is relatively 

large and the variation of the V / Vmax and the corresponding moment load, (M = V * e) is 

not obvious. Though the normalized failure envelopes for both clay and the silt fall in a 

narrow band, the variation range of the normalized failure envelope for clay is wider 

compared to silt. Moreover, for both the soils at a large e / B (i.e., e / B > 0.4), the variation 

of both the loading and the normalized failure envelope for different flow rates and the 

ground water table can be neglected. At this stage, the vertical loading and the moment 

loading components are small; due to this reason, the contribution arising from the matric 

suction and its further variations can be ignored. This value (e / B > 0.4) is not safe for most 

of the foundations as it exceeds the recommended design standards as suggested in several 

geotechnical manuals (e.g., Eurocode 7 by CEN 2004; Canadian Foundation Engineering 

Manual (CFEM) of CGS 2006). 
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(d) 

Fig. 4.12 Effect of the eccentric loading for steady state flow: (a) Effect of q and 

Hw on the V, M loading for clay; (b) Normalized failure envelope for clay; (c) 

Effect of q and Hw on the V, M loading for silt; (d) Normalized failure envelope 

for silt. 
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component is normalized with a greater Vmax and therefore the M / BVmax is relatively small. 

However, the shape and size of the normalized failure envelope is almost the same between 

the clay and the silt. 

 

  

        (a)                                                                   (b) 

  

(c)                                                                 (d) 

Fig. 4.13 Influence of the soil internal friction angle on the V – M loading space 

(q = -3.14×10-8 m/s): (a) V, M loading components in clay; (b) Normalized 

failure envelope for clay; (c) V, M loading components in silt; (d) Normalized 

failure envelope for silt. 
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The influence of the infiltration duration combined with the foundation eccentricity 

ratio are investigated in this section. Fig. 4.14 summarizes the bearing capacity variation 

of foundation subjected to eccentric loading under unsaturated transient flow conditions. 

The vertical bearing capacity decreases with an increase in e / B which is consistent with 

the bearing capacity variation for the steady state flow condition. The main reason for this 

reduction is due to the decrease in the soil and foundation contact area at a large e / B. The 

maximum moment loading value occurs at an eccentricity ratio, e / B, between 0.2 and 0.25 

as shown in the Figs. 4.14a and 4.14d for both the clay and the silt. The maximum value 

reduces with an increase in the infiltration duration. Shrinkage of the normalized failure 

envelope in Figs. 4.14b and 4.14e is also observed with an increase in the infiltration 

duration for e / B < 0.4. However, the variation of the normalized failure envelopes under 

different infiltration durations is not obvious for silt compared to clay.  

The influence of the ground water table on the normalized failure envelope is 

summarized in Figs. 4.14b and 4.14c for clay and in Figs. 4.14e and 4.14f for silt. The 

normalized failure envelopes for foundation on clay subjected to infiltration duration of 5 

days is close with that for steady state condition at Hw = 4 m in Fig. 4.14c. A longer 

infiltration duration is required for Hw = 8 m as shown in Fig. 4.14b. The influence of the 

infiltration duration on the normalized failure envelope for silt with different ground water 

table depths is consistent with that of clay.  

The shrinkage of the normalized failure envelopes and the reduction in the bearing 

capacity are mainly due to the reduction of [Se (ua – uw) tanϕ’] which was explained in an 

earlier section. Overall, the foundation subjected to the eccentric loading without 

inclination is influenced by several factors, which include the eccentricity ratio, the [Se (ua 
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– uw) tanϕ’] variation caused by different flow rates, initial ground water table depth and 

the soil types.  

 

     (a)                                                     (b) 

 

                                           (c)                                                   (d)                                       

 

                                            (e)                                                  (f) 

Fig. 4.14 Effect of the eccentric loading under transient flow (qin = 3.14 × 10-8 

m/s): (a) Effect of infiltration duration for clay; (b) Hw = 8 m for clay; (c) Hw = 4 

m for clay; (d) Effect of infiltration duration for silt; (e) Hw = 8 m for silt; (f) Hw 

= 4 m for silt. 
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4.7 Proposed semi-empirical failure envelope equations  

Based on the parametric studies results from the slip line method discussed in earlier 

sections, semi-empirical equations are proposed in this section to predict the shape and size 

of the normalized failure envelopes in the V- H and V- M loading spaces. The size of the 

failure envelopes is influenced by the soil properties, the matric suction distribution that 

results from the unsaturated flow and initial ground water table depths. The shape of the 

failure envelopes presented in the earlier sections are parabolic. Eqs. (4.27a) and (4.27b) 

are typically parabolic form equations that describe the shape and size of the failure 

envelope in the literature (Gottardi and Butterfield 1993, Loukidis et al. 2008, Zheng et al. 

2019, Pham et al. 2019, Pham et al. 2020, 2022).  

max max max

1
H V V

V V V




      
 = −     
       

                                                    (4.27a) 

max max max

1
M V V

BV V V




      
 = −     
       

                                                 (4.27b) 

κ typically represents the initial slope of the curve; λ typically represents the maximum 

point or the tangential slope of the other intercept with V / Vmax axis. However, most of the 

published failure envelop equations are developed for saturated soils, which include 

cohesionless soils or clays under undrained conditions (i.e., ϕ = 0). Among them, the failure 

envelops equations proposed by Pham et al. (2022) can be used for c – ϕ soils. To the best 

of the authors’ knowledge, there are no failure envelops equations proposed for unsaturated 

soil in the two loading spaces (V – H and V – M loading spaces). Therefore, failure 

envelopes equations that take account the influence of the matric suction variation are 

developed in this study for the two loading spaces for c – ϕ soil in an unsaturated condition. 
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The equations are using the form of Eqs. (4.27a) and (4.27b). Relationship set up between 

the two fitting parameters and the influence parameters are shown in Table 4.6. 

 

Table 4.6 Proposed semi-empirical equations  

 Failure envelopes equations 
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space 

max max max

1
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The values of the matric suction, (ua – uw) and the effective degree of saturation, Se in 

the equations in Table 4.6 refer to those obtained at the ground surface. The results are 

likely to be underestimated when surface ponding occurs. The reasons for selecting the 

value at the ground surface but not the average value in the stress bulb zone beneath the 

foundation are: (i) for achieving conservative results; (ii) the average value may be 

influenced by the foundation width (Oh and Vanapalli 2013). If there is less data available 

directly for matric suction and the degree of saturation, the variation of the matric suction 
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and the effective degree of saturation can also be obtained from Eqs. (4.14) and (4.15) for 

steady state condition and Eqs. (4.23) and (4.24) for transient state condition. The proposed 

equation has a smooth transition between the unsaturated soil and saturated soil. The 

equations are suitable for c’ – ϕ’ soil with 0 < c’ ≤ 20 kPa and 0 < ϕ’ ≤ 40°. More studies 

are required to understand the influence of soil properties that do not fall in this range. 

 

4.8 Comparison studies 

Two comparison studies are conducted in this section to verify the reliability of the 

proposed equations: Comparison study 1: The envelopes obtained from the proposed 

equations are compared to that from the parametric studies presented in the earlier section. 

Comparison study 2: The envelopes obtained from the proposed equations are compared 

to that obtained from additional parameters that are not involved in parametric studies 

presented in the earlier section.  

 

4.8.1 Comparison study Ⅰ 

Fig. 4.15 presents the results of the comparison study 1. Fig. 4.15a provides a summary 

of the comparison study for clay with both steady state (infiltration flow rate: -3.14× 10-8 

m/s) and transient state (infiltration flow rate: 3.14× 10-8 m/s) in V – H loading space. Fig. 

4.15b shows the comparison of silt for the steady state evaporation with flow rate value of 

1.15 × 10-8 m/s and the transient flow infiltration rate of 3.14 × 10-8 m/s. Fig. 4.15c and 

4.15d are for the comparison in the V – M loading space for clay and silt, respectively. All 

the results show the coefficient of determination value R2 between the results obtained from 

the equation and the slip line method is above 85%.  
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(a)                                                            (b) 

 

(c)                                                          (d) 

Fig. 4.15 Comparison of the proposed equation with the results obtained from 

the slip line method: (a) For clay in V – H loading space; (b) For silt in V – H 

loading space; (c) For clay in V – M loading space; (d) For silt in V – M loading 

space. 

 

4.8.2 Comparison study Ⅱ 

Eight different cases are used to provide further comparisons for the failure envelope 

derived by the proposed semi-empirical equations and the slip line method for different 

parameters: the internal friction angle, the ground water table depths, the soil types and 
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properties, the steady state and transient state flow rate. Table 4.7 summarizes the 

parameters used for the eight representative cases. In addition to the eight cases, the failure 

envelope predicted by the proposed equations is also compared with that obtained from the 

failure envelope equations proposed by Pham et al. (2022) for saturated c’ – ϕ’ soil. 

Good consistency with R2 value around 99% can be observed in Fig. 4.16 for all the 

eight cases between the predicted failure envelopes and that obtained using the slip line 

method. Similar trends with respect to consistency in results are also observed in Figs. 

4.16e and 4.16f between the envelopes equations proposed in this study and that proposed 

by Pham et al. (2022) for saturated c- ϕ soil. 

Both the comparison studies summarized in this section suggest the equations proposed 

in this study can provide reasonable results for the failure envelope prediction in each 

loading space taking account different parameters. 
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Table 4.7 Summary of the parameters used in various cases  

 Hw 

(m) 

c’ 

(kPa

) 

ϕ’ (°) γsat 

(kN/m3) 

Fitting 

parameters, α 

(kPa-1) 

Saturated 

hydraulic 

conductivity, ks 

(m/s) 

Saturated 

volumetric 

water content, 

θs 

Residual 

volumetric 

water 

content, θr 

Unsaturated flow 

Case 1 

Clay 

2 10 30° 20 0.005 5.0 × 10-8 0.58 0.1 q = 0 m/s 

Case 2 

Clay 

3 10 20° 20 0.005 5.0 × 10-8 0.58 0.1 Transient flow 

qin = 3.14 × 10-8 m/s 

Case 3 

Silt 

2 5 25° 20 0.01 1.0 × 10-7 0.38 0.06 Steady state flow 

qout = 1.15 ×10-8 m/s 

Case 4 

Silt 

6 5 20° 20 0.01 1.0 × 10-7 0.38 0.06 Transient flow 

qin = 3.14× 10-8 m/s 

Case 5 

Saturated soil 

0 15 30° 20 － － － － － 

Case 6 

Saturated soil 

0 20 10° 20 － － － － － 

Case 7  

Soil 

(Shahrokhabad

i et al. 2019) 

3a 1.7 30° 20 0.5 1.0 × 10-7 0.45 0.1 Transient flow 

qin = 1.0 × 10-7 m/s 

Case 8  

Soil 

(Aubertin et al. 

2009) 

4 a 10 a 25° a 18 a 0.1 1.0 × 10-8 0.38 0.06 Transient flow 

qin = 0.5 × 10-8 m/s 

aAssumed value based on typical soil properties.  
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                           (a)                                                   (b)                                                (c)                                                (d)                                              

 

   
                       (e)                                                       (f)                                                (g)                                                (h) 

 

Fig. 4.16 Comparison with additional data: (a) Case 1 and 2 in V－H loading space; (b) Case 1 and 2 in V－M loading space; 

(c) Case 3 and 4 in V－H loading space; (d) Case 3 and 4 in V－M loading space; (e) Case 5 and 6 in V－H loading space; (f) 

Case 5 and 6 in V－M loading space; (g) Case 7 and 8 in V－H loading space; (h) Case 7 and 8 in V－M loading space;   
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4.9 Discussion  

The parametric studies summarized in earlier section were conducted to highlight the 

influence of different flow rates, ground water table depths, internal friction angles on the 

bearing capacity failure envelop variation. The control variable method is used for the 

parametric studies which means the parameters mentioned above were set as variables; 

however, other parameters such as the SWCC were controlled as a constant. Similar 

methodology was followed in other studies (e.g., Vahedifard and Robinson 2016) for 

investigation of the foundation vertical bearing capacity under different unsaturated flow 

conditions. However, it should be noted that the SWCC typically exhibits hysteresis 

behavior. The hysteresis of the SWCC refers to the non-unique relationship of the soil 

water content and the matric suction. At the same matric suction, the wetting SWCC 

exhibits a lower volumetric water contents / degree of saturation compared to that of the 

drying SWCC. The nonuniform pore size distribution (Fredlund et al. 2012) and the 

presence of the entrapped air (Fredlund & Rahardjo 1993, Kristo et al. 2019) in the soil are 

two of the key reasons that contribute to the hysteresis. They will also influence the stress 

state of the soil which also impacts the soil permeability. The soil permeability function is 

typically estimated based on the saturated soil permeability and the SWCC. Therefore, the 

soil permeability also exhibits hysteresis (Fredlund 2006). Due to this reason, the soil under 

drying path has a relatively higher soil permeability compared to that under wetting path 

at the same matric suction. Several studies conclude that the hysteresis effect influences 

the hydro-mechanical behavior of soil which in turn has an impact on the slope stability 

and foundation bearing capacity (Chen et al. 2017, Tang et al. 2017, Kristo et al. 2019). 
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In this section, the influence of the hysteresis behavior on the normalized bearing 

capacity failure envelop is discussed. Comparisons are made between the bearing capacity 

failure envelopes obtained using the drying and wetting SWCC curve under the same 

infiltration condition. The soil with significant hysteresis behaviour, provided in Jeong et 

al. (2018) is used for analysing the results. The drying and wetting SWCC of the studied 

soil are shown in Fig. 4.17. The other soil properties used for the analysis are summarized 

in Table 4.8. The foundation width is set as 2 m. The analysis is conducted with the ground 

water table of 4 m and infiltration influx of 1×10-7 m/s.  

 

Fig 4.17 Hysteretic soil water characteristic curves (modified from Jeong et al. 

2018) 

Table 4.8 Soil properties used for comparison 

Properties Value 

Specific gravity, Gs 2.71 

Effective cohesion, c’ (kPa) 5 

Effective internal friction angle, ϕ’ (°) 30 

Saturated hydraulic conductivity, ks (m/s) 4.76 × 10-7 

Saturated volumetric water content, θs Drying: 0.418 

Wetting: 0.387 

Residual volumetric water content, θr Drying: 0.032 

Wetting: 0.032 

Fitting parameters for Eqs. (4.12) and (4.13), α (kPa-1) Drying: 0.13 

Wetting: 0.51 
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(a)                                                           (b) 

 

(c)                                                            (d) 

Fig 4.18 Failure envelops obtained from the drying and wetting curves 

(infiltration under 1×10-7 m/s): (a) 0 day for V – H loading space; (b) 0 day for V 

– M loading space; (c) 10 days for V – H loading space; (d) 10 days for V – M 

loading space 

 

The results obtained from the slip line method and the proposed semi-empirical 

equations using the drying and wetting SWCC are presented in Fig. 4.18. The bearing 

capacity failure envelops in V – H loading space and V – M loading space under 0 days of 
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H loading space and V – M loading space. The small difference between results using 

drying and wetting curve is also found in Figs. 4.18c and 4.18d for rainfall of 10 days 

duration with R2 of 99.4% and 99.1% for V – H loading space and V – M loading space, 

respectively. For all the cases in Fig. 4.18, the failure envelops obtained using the slip line 

method with drying SWCC are slightly overestimated compared to that obtained from 

wetting SWCC. However, the relative deviation is lower than 15%. The normalized failure 

envelops estimated by the proposed semi-empirical equations using the wetting and drying 

curves are consistent with the results obtained from the slip line method with R2 of 99% 

for all the cases in Fig. 4.18.  

The above results suggest that the hysteresis effect is not predominant for the 

normalized failure envelop. Such a behavior may be associated with the bearing capacity 

information that is normalized in the failure envelop. Both the maximum bearing capacity 

and the bearing capacity obtained at different inclination and eccentricity will be influenced 

by the hysteresis effect and other influence parameters (e.g., the flow rates, the ground 

water table depths and the internal friction angle investigated in this Chapter). The variation 

caused by these parameters is reduced by normalizing the bearing capacity (e.g., V / Vmax). 

However, the hysteresis effect is not only an important but also a complex influence factor. 

More studies are required for further understanding the effects of the hysteresis on the 

foundation bearing capacity and other individual bearing capacity components considering 

combined loading conditions. 

 

4.10 Conclusions  

The slip line method coupled with the analytical solution of the matric suction profiles 

for unsaturated flow conditions is proposed in this Chapter to determine the bearing 
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capacity of foundations subjected to inclined or eccentric loading. The influence of the 

ground water table depths, the flow rates, the infiltration duration, and soil types on the 

bearing capacity failure envelopes are investigated by the proposed method. In addition, 

semi-empirical equations are respectively proposed in the V – H loading space and V – M 

loading space for predicting the failure envelopes based on the parametric study results. 

Comparisons are provided between failure envelopes obtained from the proposed 

analytical method, the proposed semi-empirical equations, and the published studies. The 

main conclusions are summarized below: 

(1) The proposed slip line method can provide reliable results for foundation subjected to 

the inclined or eccentric loading under both steady state, transient state flow conditions. 

(2) The inclination angle has a negative effect on the foundation total ultimate bearing 

capacity and the vertical loading components. The horizontal loading components will 

increase with the increased inclination angle followed by a reduction. The maximum 

horizontal loading occurs at the inclination angle between 15° and 20° for fine-grained 

soils such as the clay and silt. 

(3) A negative effect can be associated with the eccentricity on the vertical loading 

components. The moment loading increases with the eccentricity ratio and reduces after 

reaching a peak value. The maximum moment loading occurs at the eccentricity ratio 

between 0.2 and 0.25 for both clay and silt for different loading scenarios.  

(4) The failure envelopes in both V – H loading space and V – M loading space expand 

under the evaporation condition and shrink under the infiltration condition. The longer 

infiltration duration results in the failure envelope shrinkage. In addition, the ground 

water table depths will influence the initial suction distribution and in turn influence 
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failure envelope size and variation rates. It is the [Se (ua – uw) tanϕ’] that controls the 

failure envelope variation for different unsaturated flow conditions. 

(5) The proposed semi-empirical equation in each loading space can provide reasonable 

prediction results taking account the influence of matric suction. Good agreement is 

found between the results from the semi-empirical equations and that from the slip line 

methods and published studies. The equation has smooth transition from unsaturated 

to saturated soil conditions and can be implemented with a calculation tool to build up 

the failure envelopes efficiently. 

The proposed analytical method and the semi-empirical equations respectively, in this 

Chapter can be used in geotechnical engineering practice for the determination of the 

foundation bearing capacity taking account of the influence of flow conditions in 

unsaturated soils. The method and results in this study are useful to explain the field-

measured data accurately during the foundation service life and provide a good reference 

in forensics studies related to foundation failures. 
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CHAPTER 5 

Shallow foundation behavior on an expansive soil slope 

subjected to different infiltration conditions4 

 
5.1 Introduction 

Infrastructure construction activities that include the highways, railways, pipelines, and 

residential structures on hilly regions increased significantly to meet various needs of the 

human population growth all over the world, especially in the urban regions during the last 

half century. Studies by Wang et al. (2020) suggest the multiple island effects of the 

urbanization significantly increase both the temperature and the precipitation. For example, 

temperature increase accelerates the water evaporation that enhances water condensation 

in the atmosphere contributing to intense rainfalls (Fig. 5.1a). These hydrological events 

have a significant influence on the matric suction fluctuations and impact the soil hydro-

mechanical behavior (i.e., hydraulic conductivity, shear strength / stiffness variation and 

volume change) (e.g., Rahardjo et al. 2007, Qi and Vanapalli 2015a, Khan et al. 2021).  

The influence of hydrological events is more pronounced in unsaturated expansive soils 

that are also referred to as ‘problematic soils’ because the hydro-mechanical properties are 

sensitive to water content changes. The estimated annual costs of infrastructures damages 

in expansive soils are significant for around 0.15 billion in UK (Mousavi et al. 2014), 1 

billion in China (Jalal et al. 2020) and 9 billion in US which includes around 5.7 billion 

 
4 The contents presented in this chapter are summarized as a manuscript that has been submitted to an 

international journal for review:  

Tan, M., & Vanapalli, S. K. 2023. Shallow foundation behavior on an expansive soil slope subjected to 

different infiltration conditions. (Revised version is under review)  
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due to problems associated with highways and houses (Amakye et al. 2021). Geohazards 

such as slope failures and extensive damages to highways, railways and foundations in 

expansive soils can be mainly attributed to swell and shrink characteristics associated with 

water evaporation and precipitation cycles (Day and Axten 1989, Wates and Fourie 1993, 

Li et al. 2011). In the past, the hydro-mechanical behavior has been typically modeled 

using unimodal soil-water characteristic curve (SWCC) behavior. However, in recent years 

there is more evidence to highlight the bimodal nature of SWCC behavior due to the 

influence of cracks that contributes a complex soil structure with micro and macropores 

(Zhang and Chen 2005, Azam et al. 2013). For this reason, the hydraulic conductivity and 

shear strength function are rigorously considered as bimodal in nature (Li et al. 2014). The 

cracks can be considered as water flow channels that increase the seepage, degree of 

saturation, volume change and decrease the matric suction and its contribution towards soil 

shear strength (Huang and Wu 2007, Zhang et al. 2020). Moreover, the crack network can 

widen and propagate deeper during the drying and wetting cycles. Due to this reason, 

SWCC changes and there will be a significant change in the hydraulic conductivity and the 

shear strength of the unsaturated soil. However, it is challenging to model the cracks 

propagation and model the SWCC and soil properties that vary due to climatic factors. 

Therefore, in this study, the bimodal SWCC is used in the analysis as a simplified approach 

to consider the influence of cracks.  

In recent years, many studies focused on highlighting the performance of expansive 

soil slopes (Ng et al. 2003, Jiang et al. 2013, Qi and Vanapalli 2015a, 2015b, Ijaz et al. 

2022) and foundation or infrastructures on expansive soils (Xu and Fu 2000, Xu 2004, 

Buzzi et al. 2010, Yenes et al. 2012, EI-Samea et al. 2022, Sarker and Wang 2022). These 
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studies address the significant influence of matric suction on the slope stability and 

foundation behavior, respectively. The soil shear strength contribution arising from matric 

suction reduces due to the rainfall infiltration. The shear strength decrease leads to a drop 

in the slope factor of safety (FS) and the foundation bearing capacity. Besides, the matric 

suction variation also leads to the volume change behavior of the soil; due to this reason, 

differential settlement of the foundation may likely occur with water content variations 

(Buzzi 2010). Also, the changing geometry of the slope during the rainfall may also 

contribute to a lower slope factor of safety (Qi and Vanapalli 2015a). Moreover, studies by 

Day and Axten (1989) and Pradel and Raad (1993) suggest that the shear strength 

contribution arising from cohesion is typically low at normal stress values are low (i.e., at 

the slope surface). Therefore, a high potential of surficial failure is likely when there is 

rainfall infiltration into compacted clay slopes.  For this reason, the various parameters that 

influence failure conditions in the surficial stability of the slope due to the relationship 

between the rainfall intensity and duration, the soil hydraulic conductivity, and the slope 

geometry need rigorous investigations. 

Several studies in the literature provide a better understanding on the influence of the 

unsaturated flow on the foundation behavior in conventional soils that do not exhibit 

swelling characteristics (e.g., Le et al. 2013, Vahedifard and Robinson, 2016, Kim et al. 

2017, Ravichandran et al. 2021, Tan and Vanapalli 2022, 2023, Fathipour et al. 2022). 

However, focus of most of these studies were directed to investigate the foundation 

behavior on a level unsaturated soil ground. Research studies for foundations on 

unsaturated sloping ground considering the simultaneous influence of unsaturated transient 

flow are limited in the literature (Anand and Sarkar 2021, Tan and Vanapalli 2022). 
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Moreover, the coupled influence of deformation of the slope as well as the slope factor of 

safety (FS) along with the foundation behavior under different rainfall conditions are not 

considered in these studies. The slope will no longer be able to provide support for the 

foundation if it is already unstable due to the rainfall infiltration. The foundation loading 

may accelerate the slope failure for such a scenario. However, studies that consider the 

influence of transient flow conditions on the combined performance of the slope and 

foundation are rather limited. 

For the above reasons, the study summarized in this Chapter focuses on the 

performance of the shallow foundation-slope combined system in an unsaturated expansive 

soil from Regina, Canada that is subjected to rainfall infiltration (see Fig. 5.1b). The Regina 

clay is selected as a representative soil in this study due to the following reasons: (i) The 

clay is highly plastic and is typically fissured at the surface (Sauer, 1975); (ii) There are 

several published studies in the literature that discussed failure of embankments, highways 

and  foundations on the Regina clay (e.g., Widger and Fredlund, 1978, Qi and Vanapalli 

2015b, Liu and Vanapalli 2022) associated with water infiltration. Numerical studies were 

undertaken to simulate the performance of both the foundation and slope behavior 

considering several complex scenarios for Regina clay. The numerical model set up for the 

slope considered in this study is consistent with the earlier published studies (Tan and 

Vanapalli 2021). For rigorous analysis, bimodal SWCC has been included in the numerical 

model for considering the influence of soil cracks as a simplification. The influence of the 

rainfall intensity, duration, foundation set back distance and foundation loading on both 

the foundation bearing capacity and slope FS are investigated. The results summarized in 

this novel study are of significant interest to practicing engineers as they provide a better 
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understanding of the foundation-slope system in unsaturated expansive soils considering 

different rainfall infiltration scenarios. 

 

 

(a) 

 

(b) 

Fig. 5.1 Problem definition: (a) Water cycle; (b) Foundation on cracked soil 

slope 
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The governing equations that describe the hydro-mechanical behavior of the 

unsaturated soils in the finite element analysis (FEA) are summarized as Eqs. (5.1a) and 

(5.1b). Eq. (5.1a) is the partial differential equation for the static equilibrium corresponding 

to the unsaturated soil element. Eq. (5.1b) describes the two-dimensional water flow in an 

unsaturated soil element assuming the water is incompressible and deformation in the soil 

are incrementally infinitesimal (Richards, 1931, Qi and Vanapalli, 2015a). The air phase 

in the unsaturated soil is typically continuous and is equivalent to the atmospheric pressure 

conditions; hence the negative pore-water pressure in the soil with respect to the 

atmospheric pressure is the matric suction. 

ij

j

i

0b
x


+ =


                                                                (5.1a) 

  wi 0
i

q

x t


+ =

 
                                                                (5.1b) 

where σij defined as the components of total stress tensor; bj represents components of the 

body force vector. θw is the volumetric water content and t is time; qi are the flow velocities 

in i- directions. The flow velocity is given by Darcy’s law, which relates the flow velocities 

with the hydraulic heads as shown in Eq. (5.2). 

w

i

i w

u
q k y

x 

 
= − + 

  
                                                   (5.2) 

 where k is the hydraulic conductivity; uw is the pore water pressure; γw is the unit weight 

of water; y is the vertical coordinate (elevation). 

 

5.2.2 Constitutive relationships 

The rigorous mechanical behavior of the unsaturated soil needs to be described not only 

by the stress-strain relationship but also using the relationship between water content and 
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the stress state variables (Qi and Vanapalli 2015a). The net normal stress, (σn - ua) and 

matric suction, (ua - uw) are the key two independent stress variables that can be used for 

rationally describing the unsaturated soil constitutive relationships as shown in Eqs. (5.3) 

and (5.4) that are consistent with the continuum mechanics principles after simplification: 

w

1 1
ij ij mean ij ijd d d du

E E H

 
    

+
= − −                                       (5.3) 

w w

3 1
mean

w

d d du
H H

 = −                                                        (5.4) 

where εij refers to the components of the strain tensor; E defines as the elastic modulus for 

soil; σmean is equal to the average value of the stress in each direction, (σx + σy + σz) / 3; δij 

is the Kronecker delta, H refers to the unsaturated soil modulus for soil structure with 

respect to (ua - uw), H = E / (1-2μ). Hw represents a modulus relating the variation in 

volumetric water content with the variation in matric suction; μ is the Poisson’s ratio and 

is set as constant as many numerical studies in this paper. However, it should be noted that 

the Poisson’s ratio as well as the soil unit weight also varies with the matric suction (Sun 

et al. 2019, Kumar Thota et al. 2021). Results by Tan and Vanapalli (2022) and Sun et al. 

(2019) suggest that the deviation obtained from the variation of the soil unit weight 

compared to the constant soil unit weight or the saturated soil unit weight is approximately 

20%.  

Eq. (5.5) which describes the relationship between the variation of the volumetric water 

content and the corresponding soil volume variation can be obtained by substituting Eq. 

(5.3) into Eq. (5.4). 

w w

w

1 3

(1 2 )
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E
d d du

H H H


 
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 
= − − 

−  
                                        (5.5) 
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The hydro-mechanical behavior of the unsaturated soil can be described by the unknown 

pore water pressure and the displacement obtained by substituting Eqs. (5.3) and (5.5) into 

Eqs. (5.1a) and (5.1b). The unknown pore water pressure and the displacement can be 

simultaneously solved with the aid of SIGMA/W, a module which is suitable for modelling 

the stress and deformation of the soil in Geo-studio (Geo-Slope Int. Ltd 2018) in this study. 

 

5.2.3 Shear strength and modulus of elasticity  

Soil shear strength and modulus of elasticity are two key parameters in assessing the 

performance of foundations and slope stability. There are many models available to predict 

the matric suction contribution towards the soil shear strength (e.g., Vanapalli et al. 1996, 

Lu and Likos 2006, Satyanaga and Rahardjo, 2019). The semi-empirical model (Eq. (5.6)) 

proposed by Vanapalli et al. (1996) that is built into the Geo-studio is used to predict the 

unsaturated soil shear strength with respect to matric suction using the SWCC, which is 

the relationship between the water content (i.e., gravimetric or volumetric) or degree of 

saturation and soil suction.  

( ) ( ) w r

n a a w

s r

tan ( ) tanc u u u
 

   
 

−
  = + − + −

−
                            (5.6) 

where τ is the unsaturated soil shear strength, c', ϕ' are effective cohesion and effective 

internal friction angle, respectively; θs and θr are the saturated and residual volumetric 

water contents, respectively. 

The modulus of elasticity of the unsaturated soil is estimated based on Eq. (5.7) 

proposed by Oh et al. (2009). The information of SWCC and two fitting parameters α, β 

are required in the prediction. α = 0.1 and β = 2 are used in this study as good estimation 
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results were found earlier from the studies by Adem and Vanapalli (2013) and Qi and 

Vanapalli (2015a) for Regina expansive clay.  

( )

( )
( )a w

unsat sat

a

1
/101.3

u u
E E S
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
 −

= + 
  

                                        (5.7) 

where Eunsat and Esat are the modulus of elasticity of unsaturated and saturated soil, 

respectively. Pa is the atmosphere pressure. This equation does not consider the effect of 

confining stress; however, it has been validated with extensive experimental investigations 

(Vanapalli and Oh 2010). 

The Geo-studio used in the present study is not having feature for generating the 

variation of the modulus of elasticity with respect to the matric suction. Therefore, 

approximation technique (Qi and Vanapalli 2015a) has been used in the model combined 

with the Eq. (5.7) for the estimation of modulus elasticity. For the approximation technique, 

the active surface that is typically with surface cracks of the slope is divided into several 

layers. The modulus of elasticity of each layer is calculated and updated based on Eq. (5.7) 

using the matric suction distribution obtained from previous time interval. For the sloping 

ground, the average modulus of elasticity and average matric suction are used for each 

layer for the estimation and updating.  

 

5.2.4 Slope stability 

The FS of the slope has been evaluated using limit equilibrium method with the aid of 

SLOPE/W in the Geo-studio. The SLOPE/W is a module that can be used for the slope 

stability analysis. The Morgenstern-Price method with half sine side function is used in 

this study because it takes account of interslice shear and normal forces and provides a 

relative lower FS (GEO-SLOPE International Ltd. 2012a). FS of the slope can be described 
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as the ratio of the soil shear strength (τf) to the shear stress (τs) on the slip surface that is 

shown as Eq. (5.8). 

f

s

FS



=                                                        (5.8)  

The position of the critical circular slip surface with the critical factor of safety (CFS, 

lowest factor of safety) can be obtained by the procedure coded in the software. The circular 

slip surface is assumed in this study based on the investigations by Widger and Fredlund 

(1978) which suggest that the slope instability failure surface in Regina area is typically 

circular. However, it should be mentioned that the soil is typically non-homogeneous, and 

the rainfall infiltration conditions are complex. Due to these reasons, the slide surface may 

not be circular in some scenarios. Therefore, a comparison study is conducted to evaluate 

the differences between the circular and non-circular slip surface and their corresponding 

CFS values for the problem investigated in this study. The non-circular failure mechanism 

is obtained by the slip surface optimization process. The optimization implemented in 

SLOPE/W is based on the theoretical framework proposed by Greco (1996) and Malkawi 

et al. (2001) in which the Monte Carlo method with the random walking procedure is used. 

In SLOPE/W, this approach is extended, and the slip surface is divided into several 

straight-line segments (GEO-SLOPE International Ltd. 2012b).  The controlling 

parameters for the optimization are used by the default value provided in SLOPE/W. For 

example, a default value of 16 is used in the optimization procedure for the number of 

ending points, which controls the line segments numbers. This value is also higher than 

that mentioned in Malkawi et al. (2001) which is reliable for obtaining the actual shape of 

the critical slip surface. The optimization process initiates from the point on the slip surface 
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and extends to the ground surface. The point will be moved to probe the lower safety factor 

along the ground surface. The optimization procedure is then applied for the next point on 

the slip surface for searching the lower safety factor. The vertices of each segment will 

move within an elliptical search area defined in SLOPE/W to probe the lower safety factor 

followed by moving the exit/last point along the ground surface at the end. Monte Carlo 

method with the random walking procedure is used for the point probe within the elliptical 

search area (GEO-SLOPE International Ltd. 2012b). The longest segment will then be 

subdivided, and the trial is repeated until the process reaches the specified limits such as 

the tolerance variation for the safety factor or the maximum trials numbers. In this study 

the default values suggested for the tolerance variation of the factor of safety is 1×10-7 and 

the maximum trial number is 2000. The circular and non-circular slide surfaces obtained 

in SLOPE/W for the slope with the foundation loading and without the foundation loading 

subjected to different rainfall intensities are compared. Results from this comparison study 

suggest that circular slide assumption will slightly overestimate the CFS compared to that 

of the non-circular failure mechanism obtained by the optimization slip surface process. 

For the deep-seated failure mechanism for all the cases, the maximum relative deviation 

between the CFS obtained from the circular and non-circular slip surface is about 8.8%. 

 It should also be noted that there are limitations using the Morgenstern-Price method 

in this study. The localized shear stress concentrations and the stress-strain behavior of the 

soil are not well captured in the Morgenstern-Price method. To overcome the limitation, 

the finite element stress-based method is also conducted for providing comparisons with 

the Morgenstern-Price method and presented in the discussion section. The finite element 

stress-based method uses the stress distribution results obtained from the finite element 
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method (i.e., using SIGMA/W) to calculate the mobilized shear force and the resisting 

shear force of each slip surface slice and integrating them along the entire slip surface in 

SLOPE/W to calculate the FS. Therefore, the slice factor of safety is not constant using the 

finite element stress-based method compared to that which is constant using the 

Morgenstern-Price method (GEO-SLOPE International Ltd. 2012a). 

 

5.3 Model details and validation 

5.3.1 Model details 

There are four key steps for assessing the bearing capacity and the slope stability for 

the problem shown in Fig. 5.1b. Fig. 5.2 shows a step-by-step procedure used in the present 

study in the form a flow chart. The in-situ analysis is performed as a first step in SIGMA/W 

to determine the initial PWP distribution and the initial stress distribution. The initial pore 

water pressure is equal 0 kPa at natural GWT level and increases linearly with respect to 

depth. The hydro-mechanical coupling analysis is undertaken with the rainfall infiltration 

in the second step. The variation of the PWP is obtained directly from this step. In the third 

step, the foundation bearing capacity analysis is conducted based on the updated PWP. In 

the final step, slope stability is evaluated with different foundation loading scenarios in 

SLOPE/W: (i) slope without foundation loading; (ii) slope with foundation ultimate 

bearing capacity loading; (iii) slope with foundation allowable bearing capacity loading. 

The key objective of applying the three different loading conditions is to investigate the 

impact of the surcharge load magnitude on the slope stability. Different yielding conditions 

and failure mechanisms corresponding to the slope CFS are derived from the last two steps.  
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Fig. 5.2 Flow chart with details of steps of modelling 

 

Fig. 5.3 presents the model details with the foundation setback ratio of two meters as 

an example. The foundation width is set as one meter following typical foundation 

dimensions in the published studies (Kim et al. 2017, Du et al. 2021). The height of the 

slope is 10 m with a slope angle of 30˚. This slope geometry is reasonable that lies in the 

range (i.e., 14° to 35°) reported by Widger and Fredlund (1978) for the embankment slope 

angle in the Regina area. The boundary of the model is also far enough to alleviate the 

boundary effect. The active zone of Regina clay may extend about 2.8 m depth based on 

the investigations by Yoshida et al. (1983). Therefore, the soil active zone depth is set as 

three meters in the model. Soil within the active zone depth is assumed cracked due to the 

environmental factors associated with evaporation and infiltration changes. The sub-soil is 

assumed not affected by the environmental factors. Several different yielding criterions 

such as the Mohr-Coulomb yield criterion, Cam-Clay model and modified Cam-Clay 
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model that can be utilized for analysis. In this paper, the widely used Mohr-Coulomb (MC) 

yield criterion has been extended in the finite element analysis as the yield function 

assuming elastic, perfectly - plastic model for the surface soil in the active zone. Linear 

elastic model has been used for the sub-soil.  

The soil properties of both the surface soil and sub-soil that are used in the model are 

gathered from Qi and Vanapalli (2015a) and Azam and Ito (2011) and are summarized in 

Table 5.1. The grain size distribution is shown in Fig. 5.4a. The soil is classified as CH 

(clay with high plasticity, Azam and Ito (2011)). The SWCC and the soil hydraulic 

conductivity are shown in Figs. 5.4b and 5.4c. The cracks in the surface expansive soil 

typically contribute to a dual porosity structure and hence exhibits a bimodal SWCC (Li et 

al. 2011, Qi and Vanapalli 2015a). The SWCC data used in the model is derived from 

experimental study performed by Azam and Ito (2011). The data was fitted with a spline 

function built in the software. The first air entry value is 10 kPa followed by the second air 

entry value of 300 kPa, which is also referred to as the air entry value of the sub-soil. The 

sub-soil SWCC is obtained based on the bimodal SWCC with superposition technique 

proposed by Li et al. (2011). The hydraulic conductivity function used in the model are 

obtained based on the data from Qi and Vanapalli (2015a) and Shuai (1998). The saturated 

hydraulic conductivity of the surface layer is 5.66×10-3 m/day. 

The initial ground water table (GWT) is 16 m from the top surface of the slope. This 

depth is within the GWT range provided by Qi and Vanapalli (2015b) and is reasonable 

for the semi-arid to arid type climate classification of Regina area, which has the ground 

water table located a greater depth (Fredlund and Rahardjo 1993); in addition, the region 

is windy with a typically dry environment. The initial maximum surficial suction value is 
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also less than the values reported in Qi and Vanapalli (2015b) (i.e., 200 to 300 kPa) and 

are in the range suggested by Widger and Fredlund (1978) (i.e., 135 to 380 kPa) for Regina 

clay.  

 

 

Fig. 5.3 Model details 

 

Table 5.1 Soil properties  

Soil Properties Surface soil Sub-soil 
Liquid limit, wL (%) 82.8 82.8 

Plastic limit, wP (%) 30.1 30.1 

Plasticity Index, Ip (%) 52.7 52.7 

Shrinkage limit, wS (%) 15 15 

Effective cohesion, cʹ (kPa) 5 10 in SLOPE/W 
Effective internal friction angle, ϕʹ (˚) 17.5  17.5 in SLOPE/W 
Modulus of elasticity, Esat (kPa) 4000 4000 
Unit weight, γ (kN/m3) 18.04 18.04 

Poisson’s ratio, μ 0.4 0.4 
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(a)                                                                 (b)  

 

   (c) 

Fig. 5.4 The Regina clay soil properties: (a) Grain size distribution; (b) SWCC; 

(c) Soil hydraulic conductivity 

 

Both hydraulic and mechanical boundaries have been considered and established as 

presented in Fig. 5.3. Displacement control is widely used in the literature for estimating 

the foundation bearing capacity in the numerical analysis (Loukidis et al., 2008, Tan et al. 

2022); in this study, a rate of 0.1 m/day has been used for obtaining the foundation bearing 

capacity. The bottom boundary is fully constrained, and the lateral boundaries are 

implemented with roller supports. Total water head boundary has been applied at the lateral 

boundaries below the GWT. For the lateral boundaries above the GWT, default boundary 
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in the software which represents the impervious boundary is applied. This is considered 

reasonable due to the flow under the infiltration impact is mainly in the surficial layer as 

the ground water table is at a greater depth. In addition, it is assumed that the effect of the 

lateral flow through the lateral boundary is negligible (Qi and Vanapalli, 2015a) on the 

foundation behavior. The rainfall influx boundary qA has been applied along the top and 

toe of the slope surface. The rainfall influx boundary qB is normal to the sloping ground 

and is calculated as qAcosβ. Three rainfall influx boundaries (qA) have been considered for 

the parametric studies: q1 = 1.05×10-3, q2 = 2.60×10-3, q3 = 6.90×10-3 m/day. q1 is 

determined based on the average monthly precipitation in the rainy season recorded in 

Regina, Canada shown in Fig. 5.5. q2 is the maximum monthly precipitation of the year in 

Fig. 5.5. The above two influx values are slightly lower than the surface soil saturated 

hydraulic conductivity. q3 is the maximum monthly precipitation during the past 10 years. 

This value is slightly higher than the surface soil hydraulic conductivity value. The 

precipitation record is selected randomly to represent a general infiltration condition and 

the three influx boundaries are set for comparison for the parametric studies. During the 

infiltration process, run-off condition at the surface soil may occur. In this run-off scenario, 

the influx boundary is coded to automatically change to the hydraulic head boundary of 0 

kPa. ‘No flow’ boundary is applied below the foundation at the surface of the slope top. 

Besides the infiltration influx, the rainfall duration from 0 to 150 days at 30 days intervals 

are considered for the parametric study. The foundation setback ratio (b/B) of 0, 1, 2, 4 are 

also included.  
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Fig. 5.5 Precipitation records in Regina, Canada 

 

5.3.2 Model validation 

Comparison studies are conducted considering two different aspects: (i) The pore water 

pressure distribution and elastic modulus estimation on the expansive soil slope with cracks 

at the surficial layer under water infiltration. (ii) The foundation bearing capacity of 

unsaturated soil.  

The modeling method is first compared with the study conducted by Qi and Vanapalli 

(2015a) on Regina clay slope subjected to rainfall infiltration. A slope that is consistent 

with the Qi and Vanapalli (2015a) has been set up for comparison purposes using the 

modeling method illustrated in this study. Comparisons have been made with respect to the 

PWP distribution and elastic modulus distribution before and after rainfall infiltration of 

both studies. Fig. 5.6 presents a good agreement of the results obtained in this study after 

30 days of rainfall infiltration at mid of the sloping ground with that in Qi and Vanapalli 

(2015a).  

The bearing capacity obtained from the numerical analysis is compared to that obtained 

from theoretical and semi-empirical methods published in the literature for foundation on 
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level ground (Vanapalli and Mohammed 2007, Vahedifard and Robinson 2016, 

Ghasemzadeh and Akbari 2019). The soil properties used in the validation model are the 

same as that were discussed in the previous section. Four GWTs (4 m, 8 m, 12 m, 16 m) 

have been included in this validation study. 

 

 

(a)                                                                (b)  

Fig. 5.6 Comparison between results of this study and Qi and Vanapalli 

(2015a): (a) PWP distribution; (b) Modulus of elasticity 

 

Fig. 5.7a illustrates the foundation stress versus displacement curve under four GWTs. 

The bearing capacity is determined by the graphical method used in the literature (e.g., 

Costa et al. 2003, Oh and Vanapalli 2013). For the graphical method, the intersection of 

the tangents as shown in Fig. 5.7a to the initial elastic portion and the final portions of the 

stress versus displacement curve is considered as the ultimate bearing capacity. Fig. 5.7b 

presents a good agreement between the bearing capacity obtained from the numerical 

method in this study and that calculated with the equation proposed by Ghasemzadeh and 

Akbari (2019). The maximum deviation is less than 20% for different matric suction values. 

The bearing capacity from the present analysis is also within the range of that obtained 
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from equations proposed by Vanapalli and Mohammed (2007) and Vahedifard and 

Robinson (2016). The ψ in the figure is a fitting parameter for the bearing capacity 

estimation and is related to the soil plasticity index. Three suggested ψ values, ψ1 = 1.18, 

ψ2 = 2.5, ψ3 = 3.5 (Vanapalli and Mohammed 2007, Vanapalli and Oh 2010) have been 

considered for the comparison because limited data has been found for the ψ corresponding 

to the soil used for this study. Good agreement has been found between the present results 

and that obtained with ψ = 2.5. The summarized details in this section suggest that the 

numerical modeling method used in this study can provide reasonable estimation of the 

infiltration condition and foundation bearing capacity. 

 

         

(a)                                                                   (b)  

Fig. 5.7 Bearing capacity comparison: (a) Bearing capacity determination; (b) 

Comparison with published studies 
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5.4.1 Foundation bearing capacity 
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rainfall intensity of q3 after a duration of 30 days is not provided in this figure because the 

slope is not stable. The foundation ultimate bearing capacity decreases rapidly during the 

first 90 days under a rainfall intensity of q1 = 1.05×10-3 m/day. The decreasing rate from 

then on slows down and the bearing capacity reaches approximately to a value of 100 kPa 

at 150 days. This is less than a third of the value for the scenario that is prior to rainfall. 

Similar decreasing trends have been observed under the higher rainfall intensities, q2 and 

q3. Dramatic reduction of the ultimate bearing capacity was observed during the first 30 

days of rainfall with both rainfall intensities. The decrease of foundation ultimate bearing 

capacity is not significant after that time. Such a behavior may be attributed to the PWP 

changes rate that is influenced by the relationship between the rainfall intensity and the soil 

hydraulic conductivity. In other words, the soil hydraulic conductivity varies during rainfall 

infiltration. The slope cannot provide support after a certain time under a higher rainfall 

intensity; more details are explained in a later section. 

Figs. 5.8b, 5.8c and 5.8d show the soil yield and the maximum shear strain contours in 

the active zone. The soil yielding contour was drawn based on the modified MC criterion 

discussed earlier. It should be noted that the sub soil obeys the linear elastic model and 

hence will not exhibit a yielding zone. However, the influence of the sub-soil is not 

significant, and the rainfall resulted failure is mainly occurring in the surface layer soil as 

shown in the Fig. 5.8b. It can be seen in Fig. 5.8b that the slope toe and the surface soil on 

sloping ground adjacent to the foundation are yielding after 30 days of rainfall infiltration. 

The yielding depth at the slope toe advances deeper with an increase in the rainfall duration. 

More water flows to the toe and stress accumulates and concentrates at the toe of the slope. 

For this reason, shear strength values will reduce significantly due to matric suction 
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reduction. Soil adjacent to the foundation also mobilizes and the yielding zone cuts through 

the sloping ground surface with the increasing rainfall duration. The yielding zone also 

advances more towards the slope top level ground surface with the increasing rainfall 

duration. The above phenomenon is consistent with the shallow surface failure observed 

for slope under infiltration condition (Wu et al. 2015).  

 

  

(a)                                                            (b) 

           

(c)                                                           (d) 

Fig. 5.8 Foundation bearing capacity for different rainfall scenarios: (a) Bearing 

capacity under different rainfall intensities; (b) Yielding contour corresponding 

to the ultimate bearing capacity; (c) Maximum shear strain contour (d) 

Maximum shear strain under different rainfall intensities 
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The maximum shear strain contour in Fig. 5.8c correlates the yielding zone in Fig. 5.8b 

well. Fig. 5.8c indicates that the combined influence of the slope surface failure and 

foundation bearing capacity failure becomes obvious with the increasing rainfall duration. 

It should be noted that the failure mechanism also depends on the slope stability which will 

be illustrated together with the slope CFS later. Fig. 5.8d presents the maximum shear strain 

contour obtained from the three different rainfall intensities for a rainfall duration of 30 

days. Soil cuts through more on the surface of slope top-level ground and sloping ground 

with a higher rainfall intensity. Overall, the rainfall intensity and duration have a negative 

effect on the foundation bearing capacity.  

 

5.4.1.2 Effect of foundation setback ratio 

The normalized foundation bearing capacity variation with the foundation setback ratio 

on slope for different rainfall intensities and duration are summarized in Figs. 5.9a, 5.9b 

and 5.9c. The results are presented as the normalized foundation bearing capacity which is 

widely used in the literature to alleviate the effect of foundation width and soil unit weight. 

The summarized results suggest that the foundation bearing capacity increases with an 

increase in the foundation setback distance. Such a behavior can be attributed to the 

increased soil resistance associated with a large setback distance. These results also 

correlate well with the yield contours and the maximum shear strain contours shown in 

Figs. 5.9d, 5.9e and 5.9f. All the contours show more soil is mobilized and extended to the 

slope top-level ground with an increase in the foundation setback ratio. The yielding zone 

that results from the foundation loading will not be developed further to the sloping ground 

surface when the foundation setback ratio is large enough. Failure mechanism of 

foundation with lower setback ratio will cut through the slope surface.  
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                   (a)                                               (b)                                                (c)  

   

                   (d)                                          (e)                                            (f)  

Fig. 5.9 Effect of foundation setback ratios: (a) q1; (b) q2; (c) q3; (d) Yield 

contour; (e) Maximum shear strain contour under q1; (f) Maximum shear strain 

contour under q3 
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In other words, a heavy rainfall and a long rainfall duration have a significant impact on 

the foundations irrespective of the foundation setback ratio. However, higher foundation 

setback ratio facilitates a higher bearing capacity based on the results in Fig. 5.9. Therefore, 

it is suggested to have a greater setback distance (i.e., b/B > 4). 

5.4.2 Slope stability 

5.4.2.1. Effect of rainfall duration, intensity on the CFS 

Fig. 5.10 presents the slope CFS with respect to the three different rainfall intensities 

and foundation loading conditions. The CFS reduces at a rapid rate with an increase in the 

rainfall intensity irrespective of the foundation loading (i.e., with or without loading). Fig. 

5.10a illustrates the CFS variation with the rainfall duration and intensities without 

foundation loading condition. Significant decrease of CFS under rainfall intensity of q3 has 

been found within the first 30 days. The CFS value decreases from 1.93 to 1.2 during the 

30 days. The reduction of CFS is not obvious for the slope under rainfall intensity of q1 

until 120 days. A turning point has been found on each of the CFS curve. The turning point 

as discussed in this paper represents the point on the CFS curve that reflect the reduction 

rate changes obviously as shown in Fig. 5.10a. The CFS reduces rapidly after the turning 

point for all the three different rainfall scenarios. The turning point reflects the failure 

mechanisms variation shown as the failure mechanisms A and B in Fig. 5.10a. Deep seated 

failure (Failure mechanism A) has been observed before the turning point, while shallow 

surface failure or the toe failure have been found after the turning point. The shallow 

surface failure and the toe failure are common failure mechanisms induced by the rainfall 

infiltration. In other words, the slope stability mainly depends on the slope characteristic 

(for example, the slope original geometry and initial soil properties) before the turning 
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point. However, after a specific rainfall duration, the rainfall characteristics are the 

predominant factors that affect the slope stability. This also explains why the turning point 

on the CFS curve under rainfall intensity of q3 arises earlier than that under q1. Higher 

rainfall intensity contributes towards a dramatic decrease in matric suction in a short time, 

and this in turn leads to the shear strength reduction and the CFS decrease.  

 

  

(a)                                                                  (b)  

 

(c) 

Fig. 5.10 CFS with various loading conditions for different rainfall scenarios: 

(a) Without foundation loading; (b) With ultimate bearing capacity loading; (c) 

With allowable bearing capacity loading 
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Figs. 5.10b and 5.10c provide CFS variation for slope under foundation ultimate 

bearing capacity loading and allowable bearing capacity loading. The allowable bearing 

capacity is determined based on the AASHTO (2014) with a FS of three. This allowable 

bearing capacity is only used for comparison purposes to understand the effect of different 

loading magnitudes on the slope. The ultimate bearing capacity prior to rainfall has been 

applied as surcharge load to the slope. Well-defined turning point are not found in Fig. 

5.10b for slope with foundation ultimate bearing capacity loading. Only foundation bearing 

capacity failure (Failure mechanism C in Fig. 5.10b) has been observed for the combined 

foundation-slope system under this scenario. The initial CFS of 1.14 is also lower than that 

without foundation loading of 1.93. Moreover, CFS reduces rapidly with the increasing 

rainfall intensity and duration even at the early rainfall infiltration event. However, the 

variation trend of slope with allowable bearing capacity loading (see Fig. 5.10c), which has 

similar trends as in Fig. 5.10a. The reduction of CFS is not obvious at early rainfall event. 

Sharp drop in CFS has been observed with an increase in the rainfall duration after the 

turning point. Deep seated failure before the turning point has been found and bearing 

capacity failure has been observed after the turning point. Though the foundation bearing 

capacity failure mechanism has been observed for slope under both the foundation ultimate 

bearing capacity and the allowable bearing capacity under the longer rainfall duration, the 

surcharge loading magnitude results in the difference of the failure mechanisms during 

early rainfall duration. This means that the combined influence of the rainfall and the 

foundation loading has more impact on the foundation-slope system in comparison to 

limited or no foundation loading.  
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Based on the earlier discussions, it can be concluded that the deep-seated failure is 

predominantly dependent on the slope initial condition and soil properties that are prevalent 

at early rainfall condition. The CFS reduction is not significant in this stage. The foundation 

loading has significant influence on the CFS prior to the rainfall and during the rainfall. 

After a specific rainfall duration, the CFS decreases dramatically and slope surface failure, 

toe failure or foundation bearing capacity failure may be observed based on different 

foundation loading conditions. In this stage, it is the rainfall characteristics and foundation 

loading that predominantly controls the CFS and the corresponding failure mechanisms; 

and it increases the risk of the system instability. 

Soil volume change also influences the slope stability, especially it is predominant in 

expansive soils. Fig. 5.11 presents the slope surface vertical upward displacement along 

with different rainfall intensities and duration. The maximum vertical upward displacement 

of the slope surface without foundation loading under rainfall intensity of q1 in Fig. 5.11a 

is about 7 mm; this value is two times lower than rainfall intensity of q3 in Fig. 5.11c. The 

vertical displacement increases with an increase in the rainfall intensity and duration. Due 

to the relatively large modulus of elasticity used in the model, the influence of this vertical 

displacement on the slope FS is relatively small compared to that caused by the shear 

strength reduction during rainfall. However, the differential heave can have a significant 

impact and contributes to damages to the foundation as well as the super-structure and 

should be considered in the design of foundations.  
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(a)                                                              (b)  

 

(c) 

Fig. 5.11 Vertical displacement of the slope surface without foundation loading: 

(a) q1; (b) q2; (c) q3 
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predominantly by the combined influence of slope initial condition, soil properties and 

surcharge loading. After a certain period of rainfall, bearing capacity failure caused by the 

foundation loading combined with the rainfall infiltration is likely arise.  

 

 

(a)                                                                 (b)  

 

(c) 

Fig. 5.12 Effect of foundation set back ratio: (a) With ultimate bearing capacity 

loading; (b) With allowable bearing capacity loading; (c) Critical slip surface 

corresponding to CFS under bearing capacity failure 
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to the foundation-slope system under ultimate bearing capacity loading. Foundation with a 

higher setback ratio has a lower CFS compared to that with a small setback ratio at early 

rainfall event. This is probably because the foundation with higher setback ratio has a 

higher bearing capacity; the initial foundation loading applied on the slope is slightly higher 

than that with a small setback ratio. Moreover, the allowable bearing capacity loading is 

not large enough to cause the foundation bearing capacity failure directly under the 

combined influence of the slope, soil properties and rainfall infiltration. However, 

foundation with a higher setback ratio still will have a higher CFS under the same rainfall 

intensity and duration after the turning point as more soil provides support to the foundation. 

The turning point, which reflects the failure mechanisms variation, is observed at almost 

90 days of rainfall as shown in Fig. 5.12b for b/B = 4. This means the influence of rainfall 

is not pronounced for the CFS of foundation-slope system with higher foundation setback 

ratio under a relatively small foundation loading. Therefore, higher setback ratio is 

recommended for the foundation design. The critical slip surfaces that contribute to bearing 

capacity failure mode are shown in Fig. 5.12c. The mobilized soil zone on the sloping 

ground reduces and extends more on the top-level ground of slope with the increasing 

setback ratio, which is similar to the contour shown in Fig. 5.9.  

 

5.5 Discussion and limitation of the present study 

The slope FS is determined using the Morgenstern-Price method in this study. As 

discussed earlier, the localized shear stress concentrations may not be rigorously captured 

extending this approach. Therefore, the finite element stress-based FS in SLOPE/W are 

obtained and compared with the FS obtained from the Morgenstern-Price method in Fig. 

5.13a, 5.13b and 5.13c. The comparison of the failure mechanisms obtained from the two 
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methods are presented in Fig. 5.13d – 5.13g. The CFS obtained by the finite element stress-

based method is slightly higher than that obtained by the Morgenstern-Price method. This 

phenomenon is also consistent with the results provided by the Geo-Slope Int. Ltd (2012a). 

The reason for the higher CFS is probably related to the normal stress along the slip surface 

as shown in Figs. 5.13b and 5.13c. The CFS obtained by the two methods are close for the 

deep-seated failure (before the turning point mentioned earlier) in Fig. 5.13b. For the toe 

failure, higher normal stress is observed from the finite element stress-based method in Fig. 

5.13c which corresponds to the slice near the foundation and the slice near the slope toe 

with stress concentration. This results in the relatively higher CFS as shown in Fig. 5.13a. 

The failure surfaces shown in Fig. 5.13d and 5.13f that are obtained from the two methods 

(i.e., finite element stress-based method and Morgenstern-Price method) are almost the 

same. Due to this reason, there are small deviations of the CFSs obtained from these two 

methods (see Fig. 5.13a). However, for the CFSs that exhibited a relatively large deviation, 

there is some difference between the failure mechanisms from the two methods as shown 

in Fig. 5.13g. Fig. 5.13e depicts different failure mechanisms obtained from the two 

methods. This behavior is consistent to the CFS curve shown in Fig. 5.13a. The turning 

point on the CFS curve will occur earlier than that obtained based on the finite element 

stress-based method. However, this turning point which represents for the failure 

mechanism variation is close for both the methods. In other words, the failure mechanisms 

from the two methods are similar and the small deviations are considered reasonable. In 

summary, the CFS obtained from the present study is conservative and hence can be 

considered reasonable for use in engineering practice applications. 
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(f)                                                  (g) 

Fig. 5.13 Comparison of the finite element stress based method and 

Morgenstern-Price method: (a) CFS, (b) Normal stress along the deep seated 

failure surface, (c) Normal stress along the surface/toe failure surface, (d) Deep 

seated failure comparison, (e) Comparison at 30 days of rainfall, (f) comparison 

at 60 days of rainfall, (g) Comparison at 90 days of rainfall 

 

The measured properties of Regina clay were mainly used in present study. In addition, 

the different relationships between the influence parameters and the soil properties were 

also investigated such that more comprehensive information can be derived from this study. 

For example, the rainfall intensity that is higher and lower than the soil saturated hydraulic 

conductivity is considered. The amount of the water that infiltrates into the soil depends 

mainly on the relationship between the rainfall intensity and the soil hydraulic conductivity. 

The soil hydraulic conductivity will be changing during the rainfall. The initial conditions 

(i.e., the initial ground water table depths or the initial surface seepage) will influence the 

soil initial hydraulic conductivity as shown in Fig. 5.14. Fig. 5.14d shows different soil 

initial hydraulic conductivities of points on different position of the slope surface. A higher 

soil hydraulic conductivity and lower matric suction are found for Point F compared to 

MP

FES

q2

Time = 60 days

Toe failure (Surface failure)

MP

FES

q2

Time = 90 days

Surface failure



 
194 

 

those for Point D. This results in the deviation of pore water pressure variation during the 

rainfall as shown in Fig. 5.14a, 5.14b and 5.14c. Studies by Vahedifard and Robinson (2016) 

and Tan and Vanapalli (2022) show that it is the combination of the soil properties and the 

contribution of the matric suction that will influence the effect of the rainfall infiltration on 

the foundation bearing capacity. It can be seen from Fig. 5.14d that the initial soil hydraulic 

conductivity at all points on the slope surface are lower than any of the three rainfall 

intensities used in this study. Therefore, the surface ponding occurred at early rainfall under 

the three rainfall intensities. At this moment, it is the relationship between the hydraulic 

gradient, the saturated soil hydraulic conductivity and the rainfall intensity that controls the 

water infiltration rates. This will influence matric suction variation and in turn influence 

the bearing capacity fluctuation and slope stability. For rainfall intensity higher than the 

saturated soil hydraulic conductivity, the surface ponding keeps occur during the rainfall 

as shown in Fig. 5.14c. Therefore, it is suggested to have the drainage system or other 

treatment for the slope. The most conservative bearing capacity is the bearing capacity of 

the soil in saturated condition. If the rainfall intensity is lower than the soil saturated 

hydraulic conductivity, the final bearing capacity depends on the combination of the 

rainfall intensity, duration, and the variation of the soil hydraulic conductivity. However, 

it should be noted that if the rainfall duration is long enough or if the ground water table is 

shallow, or in certain cases when there is a rise in the water table, final foundation bearing 

capacity is significantly influenced. The scenarios considered in this study includes 

different infiltration conditions. These results provide as a reference to understand other 

soils behavior that have similar soil properties and are subjected to different infiltration 

conditions.  
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(a)                                                         (b) 

 

(c)                                                          (d) 

Fig. 5.14 PWP variation at the surface of the slope under rainfall infiltration: 

(a) q1; (b) q2; (c) q3; (d) Relationship between the soil hydraulic conductivity and 

rainfall intensity 

 

The shear strength equation applicable for reliable estimation of the shear strength 

using the bimodal SWCC with two air entry values (for example, Satyanaga and Rahardjo, 

2019, Satyanaga et al. 2022) is not considered in the study. This is because convergence 

problems are likely due to highly non-linear behaviour from the numerical simulation using 

the bimodal soil shear strength. For more rigorously addressing this problem, a more 
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complex model and advanced numerical techniques are required to be considered in future 

studies.  

There are other parameters that will also influence the foundation and slope system. 

For example, the slope height and the slope angle. Higher slope angle will yield a relatively 

lower FS (Rahardjo et al. 2007) and relatively lower bearing capacity of the foundation 

under the rainfall condition (Tan and Vanapalli, 2022). Results by Rahardjo et al. (2007) 

suggest that the slope with lower slope height is more stable due to the relatively higher 

initial slope FS under the rainfall. However, reduction in the FS of a slope with a greater 

height is relatively small and the reduction rate is slower compared to the slope with lower 

height; the failure of a higher slope is probably caused by the loss of matric suction. This 

may influence the foundation bearing capacity variation during the rainfall that require 

further investigations. 

 

5.6 Conclusions  

In the present study, hydro-mechanical coupled analyses have been performed for 

Regina clay expansive soil to investigate the bearing capacity and stability of foundation-

slope system subjected to rainfall infiltration. The bimodal SWCC has been used in the 

study for understanding the influence of cracks that have a significant impact on the bearing 

capacity of shallow foundation on sloping ground. Parametric studies were undertaken 

considering the influence of the rainfall intensity, rainfall duration, foundation setback ratio 

and foundation loading. Based on the parametric studies’ results, several conclusions have 

been obtained as follows: 

(1) A higher rainfall intensity contributes to higher reduction rate in the bearing capacity 

when other parameters are same. However, the influence of the setback ratio on the 
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bearing capacity is not obvious with a higher rainfall intensity and longer rainfall 

duration. The foundation setback ratio has a positive effect on the foundation bearing 

capacity and it is suggested that the foundation setback ratio should be at least greater 

than four based on the present study for the Regina clay.  

(2) The rainfall intensity and its duration have a negative effect on the critical factor of 

safety of the slope. For the combined foundation-slope system, the CFS reduction 

decreases slowly when the foundation loading is small in the early rainfall event. The 

CFS reduces rapidly under the combined influence of a higher foundation loading and 

rainfall intensity. The foundation setback ratio typically has a positive effect on the 

CFS of the combined system. Drainage measures are suggested to be considered in the 

design of foundation and slope system for the rainfall intensity that is greater than the 

soil saturated hydraulic conductivity. 

(3) The rainfall intensity, rainfall duration, foundation setback ratio and foundation loading 

have combined impact on the foundation-slope failure mechanisms. The slope surface 

failure, toe failure, foundation bearing capacity failure and deep-seated failure are 

observed in the present study. Deep seated failure is mainly caused by the slope 

geometry and soil properties; it also can be observed when the foundation loading is 

relatively small and setback ratio is large enough during early rainfall event. The slope 

surface failure and toe failure are mainly caused by the rainfall infiltration. Such a 

behavior is obvious for higher rainfall intensities that extend for a longer rainfall 

duration. Different foundation failure mechanisms have been observed with various 

foundation setback ratios for different rainfall scenarios. 
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The study presented in this Chapter provides a better understanding of the bearing 

capacity and stability of foundation-slope combined system for a typical expansive soil 

subjected to rainfall infiltration. It is important to understand the combined influence of the 

rainfall characteristics, foundation loading and setback ratio in the engineering design 

because of uncertainties associated with the climate factors. The approaches presented in 

this study facilitate the evaluating of foundations on slopes combined behavior during the 

entire service life of the infrastructure. Moreover, they can be used in forensics studies for 

assessing foundation and slope failures. 
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CHAPTER 6 

Numerical studies on foundation behavior in unsaturated soils 

subjected to vertical and inclined and eccentric loading  

6.1 Introduction 

Foundations are widely used in geotechnical engineering practice applications to 

provide support to different types of loads from the superstructure. For example, 

foundations of various structures such as the dams, retaining walls, bridges, and 

transmission towers are subjected to different combination of loadings. Many researchers 

investigated the combined effects such as the inclined and eccentric loads both for onshore 

and offshore structures extending the principles of saturated soil mechanics (Martin 1994, 

Gourvenec and Randolph, 2003; Krabbenhoft et al., 2012, 2014; Vulpe et al., 2014; 

Mehravar 2016; Ganesh et al., 2017; Fathipour et al., 2022a; Hosseini et al. 2023).  

However, soil above the natural groundwater level which is typically at a greater depth in 

semi-arid and arid regions is typically in a state of unsaturated condition. In addition, soil 

conditions in this unsaturated zone fluctuate due to the influence of hydrological events 

such as the rainfall, snow melt and water evaporation. In other words, the matric suction 

which is an independent stress state variable required for rational interpretation of 

unsaturated soils is sensitive to the changes in water content and has a significant influence 

on the flow behavior. In addition, the soil shear strength and volume change behavior are 

also influenced due to water content changes. As a result, the bearing capacity and the 

settlement of the foundation are also influenced by the water flow behavior in unsaturated 

soils. Therefore, a comprehensive understanding of the shallow foundation behavior is 
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required considering the influence of flow behavior in unsaturated soils.   

In recent years, a few researchers (Wuttke et al., 2013; Jin et al., 2021; Afsharpour et 

al., 2022, Fathipour et al., 2022b, 2023, Tan and Vanapalli, 2023) investigated the 

foundation behavior under the combined loading (i.e., inclined and eccentric loadings) on 

different soils that are in a state of unsaturated condition. Most of these studies focus only 

on the influence of matric suction considering homogeneous soil conditions. Typically, 

soils are heterogeneous, and their properties are spatially variable due to geomorphological 

and geological processes such as the sedimentation, the soil weathering, and the soil 

mineral components variation (Cho 2012, Jiang et al. 2014, Ng et al. 2022). Several 

investigators (Srivastava et al. 2010, Cho 2012, 2014, Zhu et al. 2013, Jiang et al. 2014, 

Gholampour and Johari, 2019, Liao and Ji, 2021, Gu et al., 2023) have investigated the 

influence of the spatial variability in unsaturated soils for geotechnical problems such as 

the slope stability subjected to rainfall infiltration. However, only a few studies have been 

reported in the literature (Le et al. 2013, 2019, Tan et al. 2017, 2020, Ravichandran et al. 

2017, Fei et al. 2021, Mahmoudabadi and Ravichandran, 2023) that are related to the 

behavior of shallow foundations considering the spatial variation of soil properties 

associated with flow conditions in unsaturated soils. Most of these studies focus on the 

behavior of foundations in homogeneous soils that are subjected to vertical loading only. 

To the best of the authors’ knowledge there are no studies in literature that have 

investigated the foundations behavior under combined (i.e., inclined and eccentric) loading 

taking account the soil spatial variability and the unsaturated flow conditions.  

For this reason, the focus of this Chapter is directed towards analyzing the foundation 

behavior subjected to combined loading considering different scenarios of flow conditions 
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in unsaturated soils in addition to considering spatial variability of soil properties. 

Investigations based on laboratory or field studies can be extremely time consuming and 

expensive; in addition, reliable interpretation is not possible to control and consider the 

influence of many factors from field studies. Besides, investigations by analytical methods 

are typically based on several assumptions or simplifications. Due to this reason, finite 

element methods are widely used for the investigation of the foundation behavior under 

combined loading (Taiebat and Carter 2000; Gourvenec and Randolph 2003; Gourvenec 

and Mana 2011; Shen et al. 2017). Moreover, it is easier to interpret the failure mechanisms 

from visual contours that are generated from numerical modeling studies. Therefore, in this 

Chapter, the finite element (FE) analyses were performed to provide a better understanding 

of the problem with the aid of the commercial ABAQUS software. A subroutine USDFLD 

is developed and called into the ABAQUS software to incorporate the variation of the soil 

properties with respect to matric suction into the FE model. The spatial variability of the 

soil properties is characterized by applying the random fields that is consistent with other 

published studies from the literature (Cho 2012, 2014, Zhu and Zhang, 2013, Liao and Ji, 

2021, Ng et al. 2022). Fig. 6.1 summarizes how the USDFLD and soil spatial variability 

are considered in the numerical analysis in this study. Code is developed with the midpoint 

method based on the Cholesky decomposition technique for generating the random field in 

the MATLAB. In addition, Python script is written to incorporate the generated random 

field into the FE model that can be used in the analysis. The numerical results are first 

compared with the results obtained from the experimental and analytical studies for 

homogeneous soils. Comparisons are then made between the FE results obtained from FE 
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models considering the soil spatial variability for heterogeneous soils and homogeneous 

soils.   

 

Fig. 6.1 Flow chart of developed USDFLD and the random field generation 

 

6.2 Methodology 

The failure envelope method is widely used for the investigation of the foundation 

behavior in saturated soils subjected to combined loading (e.g., Gottardi and Butterfield, 

1993, Gouvenec and Randolph 2003, Taiebat and Carter 2000, 2002; Pham et al. 2019, 

2020, 2022, Liu et al. 2023). In this method, the failure envelope is developed for 

foundation subjected to the inclined loading in the vertical (V) and horizontal loading (H) 

space and for eccentric loading in the vertical and moment loading (M) space. The 

foundation is unsafe if the combined loading value is located outside the failure envelop. 

In this section, the FE model details combined with the failure envelop methods will be 
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first illustrated followed by the realization of the soil spatial variability in the model. Later, 

details related to the numerical procedure framework based on the user developed 

subroutine USDFLD will be presented. 

 

6.2.1 Finite element model details 

Small-strain finite element plane strain model was developed as shown in Fig. 6.2 to 

simulate the foundation located on the unsaturated soil subjected to combined loading. The 

foundation was simulated as a rigid body. The horizontal distance from the foundation edge 

to the soil domain external boundary was prescribed as 4B based on preliminary numerical 

investigations; based on these studies it was found that the distance is sufficiently remote 

and has no influence on the results associated with the foundation behavior or soil response. 

The foundation and soil interface surface pairs were defined to simulate the interaction 

between the foundation and the soil. Hard contact was defined for the normal interface 

behavior; while for the tangential interface behavior, the interface friction angle was 

assumed to be equal to the soil effective internal friction angle, ’. 

 

 

Fig. 6.2 Details of the numerical model             

6B

9B

4B
B

Foundation

Soil
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Fig. 6.3 Mesh sensitivity results 

 

The soil was represented as an elastic-perfectly plastic material following the modified 

Mohr-Coulomb (M-C) model considering the influence of matric suction. The relationship 

between the soil shear strength and stiffness with matric suction were based on Eq. (6.1) 

and Eq. (6.2), respectively. 

( ) ( )n a a w etan tanc u u u S     = + − + −                            (6.1) 
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E E S
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
− 

= + 
 

                                                (6.2) 

where Eunsat and Esat are the modulus of elasticity for unsaturated soil and saturated soil, 

respectively. αE and β are respectively the fitting parameters that are related to the soil types 

and plasticity index (Oh et al. 2009). The above relationship was achieved through user 

subroutine USDFLD. Code has been developed in the subroutine and is called into the 

ABAQUS to incorporate the contribution of the matric suction (or pore water pressure) in 

the soil properties into the finite element model. Details of the USDFLD procedure will be 

illustrated along with the implemented numerical framework in a later section of this 

Chapter. In ABAQUS, the ratio of the unsaturated soil hydraulic conductivity over the 
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saturated soil hydraulic conductivity (i.e., kr = k / ks, k and ks are the soil hydraulic 

conductivity for unsaturated soil and saturated soil, respectively) along with the degree of 

saturation information must be provided. Such a relationship can be expressed by different 

models such as the Gardner’s model (1958) and the macroscopic models (Averjanov 1950, 

Yuster 1951, Irmay 1954, 1971, Mualem 1986) as shown in Eq. (6.3) and Eq. (6.4), 

respectively.  

sk k e −=                                                                    (6.3) 

r e

pk S=                                                                    (6.4) 

where a represents for the soil water characteristic curve (SWCC) reduction rate (Zhan and 

Ng, 2004). Ψ noted as the suction head. P is a constant and is set as 3 by default in 

ABAQUS, which is also supported by the experiment results by Irmay (1971). There are 

several models that can be used in the numerical analysis (e.g., van Genuchten, 1980; 

Fredlund and Xing, 1994); however, Gardner’s (1958) model is used in the present study 

because of its simplicity and to make it possible for the comparison between the numerical 

methods and analytical methods that are typically proposed based on the model. 

The CPE4H mesh (4-node plane strain quadrilateral, bilinear displacement, bilinear 

pore pressure, hybrid constant pressure element) was generated in the model. This type of 

mesh is typically used for investigating the hydro-mechanical behavior of soils. Mesh 

refinement was undertaken (see Fig. 6.2) near the foundation edge to ensure reasonable 

results. A minimum mesh size of B/12 was set based on the mesh sensitivity analysis results 

which is shown in Fig. 6.3. A linear increase in the pore water pressure distribution is set 

at the lateral boundaries below the ground water table. The bottom boundary and the lateral 

boundary above the ground water table is set as default as zero flux boundary following 
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the published literature (Qi and Vanapalli 2015, Wu et al. 2017, Tan and Vanapalli 2021). 

This boundary setting is reasonable since it is far from the foundation; the lateral flow at 

the lateral boundary has little or no influence on the vertical flow behavior at the shallow 

surface soil near the foundation. Mesh nodes around the lateral boundaries were 

constrained with roller supports to restrain the out-of-plane displacement. The bottom 

boundary was fixed. No flow boundary is set on the soil boundary beneath the foundation 

and the rainfall influx boundary is set along the upper soil boundary when considering the 

infiltration conditions. 

 

(a) 

 

(b) 

Fig. 6.4 Loading paths and failure envelopes: (a) Swipe test; (b) Probe test 

 

The failure envelopes are typically investigated by the ‘swipe’ test and the ‘probe’ test 

shown in Fig. 6.4. These two types of tests are based on the displacement control in the FE 
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analyses. The swipe test allows the foundation to firstly achieve the ultimate load in one 

direction (e.g., vertical direction) with a given displacement u1, then u1 is held constant and 

displacement u2 is subsequently imposed on the foundation in the second direction until 

the corresponding bearing capacity is achieved as shown in Fig. 6.4a. The failure envelop 

in the loading space can be obtained by a single swipe test (Gourvenec and Randolph 2003). 

The probe test keeps the ratio of the displacements in the two directions constant until there 

is no more variation in stress with further displacement. One point located on the failure 

envelope is obtained for one displacement ratio. The entire failure envelope can be obtained 

by changing different displacement ratio as illustrated in Fig. 6.4b. The approach used in 

the literature is based on failure envelop normalization technique such that the results are 

presented in an independent manner without the influence of parameters such as the 

foundation width (Tang et al. 2015). In this study, the failure envelop is normalized with 

the ultimate vertical bearing capacity Vmax. The normalized vertical, horizontal and moment 

loading can be expressed as V / Vmax, H / Vmax and M / BVmax with foundation width for 

dimensional homogeneity. 

 

6.2.2 Soil spatial variability 

The soil in nature is typically heterogeneous, and the soil properties are spatially 

variable which are often characterized by the random field. The random field generation 

can be simulated by discretization techniques such as the midpoint method, the Karhunen 

– Loeve (K-L) expansion method and the spatial average method. The midpoint method 

based on the Cholesky decomposition technique is used in this study because it is simple 

to implement; this approach has also been used by many scholars for the discretization of 

the random fields (Srivastava et al. 2010, Li et al. 2015, Liu et al. 2017).  
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In this Chapter, the effective shear strength parameters of the saturated soils and the 

saturated hydraulic conductivity are assumed to be log-normally distributed based on the 

published studies and field investigation reports (Ali et al. 2014, Jiang et al. 2014). The 

log-normal assumption is considered reasonable as the soil properties are not negative 

(Griffiths and Fenton, 2007). The soil properties can be characterized statistically by a 

mean, μ and a standard deviation, σ or the coefficient of variation (COV) which represents 

the ratio of the σ to the μ. A cross-correlated non-Gaussian random field can be generated 

to consider the soil properties autocorrelation and cross-correlation.  

The autocorrelation function (ACF) describes the soil properties autocorrelation extent 

between soil at two different positions in the space within the framework of random field 

(Vanmarcke 1983, Jiang et al. 2014). There are several widely used ACFs; for example, 

the single exponential, the squared exponential, the cosine exponential, and binary noise 

ACFs. The single exponential ACF shown as Eq. (6.5) is used in this study because it is 

simple and widely used in the investigation of various geotechnical problems (Griffiths 

and Fenton 2004, Cho 2012, 2014, Li et al. 2014, 2015):  

( ) yx
x y

h v

, exp 2


  
 

  
= − +  

  
                                          (6.5) 

where the scale of fluctuations, δh, δv respectively represent the spatial fluctuation range in 

the horizontal and vertical direction of soil properties that showing the highly correlation, 

which is twice the autocorrelation distance. (Phoon and Kulhawy 1999, Jiang et al. 2014). 

τx and τy are respectively describe the absolute horizontal and vertical distances between 

the two random field elements centroid point coordinates (xi, yi) and (xj, yj), τx = | xi - xj |, τy 
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= | yi - yj |, i and j represent the random field element numbers. An autocorrelation matrix 

A can be generated based on the random field elements as shown in Eq. (6.6): 

( ) ( )

( ) ( )

( ) ( )

x12 y12 x1n y1n

x21 y21 x2n y2n

xn1 yn1 xn2 yn2

1 , ,

, 1 ,
  

, , 1

     

     

     

 
 
 

=  
 
 
  

A                          (6.6) 

A cross-correlation matric R = (ρq,l)m×m can be supposed with m represented the number of 

random fields and ρq,l represented the cross-correlation coefficient. The cross-correlation 

between different soil properties is not considered in this study to focus only on the 

influence of the independent soil properties spatial variability. The Cholesky 

decomposition algorithm can be used to factor the two matrices, A and R, to obtain the 

lower triangular matrices L1 and L2, respectively: 

1 1

T =L L A                                                          (6.7) 

           2 2

T =L L R                                                              (6.8) 

Then the cross-correlated standard Gaussian random fields HCG (x, y) can be obtained as 

Eq. (6.9),  

1 2( , )CG Tx y =H LξL                                                 (6.9) 

where ξ is an independent standard normal sample matrix which can be obtained by the 

Latin hypercube sampling method; CG is the cross-correlated standard Gaussian random 

fields. Then the cross-correlated non-Gaussian random fields can be obtained as Eq. (6.10) 

by an isoprobabilistic transformation (Li et al. 2011): 

 1( , ) ( , )CGx y G x y−  =   H H                                             (6.10) 
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where G-1 represents the inverse function of marginal cumulative distribution of the non-

Gaussian vector random field. Ф denotes the standard Gaussian cumulative distribution 

function. 

 

6.2.3 Numerical modeling framework 

The step-by-step procedure of the numerical modeling framework is explained in this 

section with the aid of flow chart shown in Fig. 6.5. The first step is to build the FE model 

based on the model details discussed earlier. A steady state analysis is then performed as a 

next step to obtain the initial stress and pore water pressure distribution based on the ground 

water table and the gravity of the soil. The obtained soil stress and pore water pressure are 

then incorporated into the model to conduct the geostatic analysis with the application of 

the gravity on both soil and the foundation. The model now is ready to investigate the 

influence of the unsaturated flow and the foundation bearing capacity analysis. For 

hydrostatic case, the displacement control for obtaining the foundation bearing capacity 

will be applied directly after the geostatic step. For the case considered the steady state or 

transient flow, the displacement control step will be applied after the water infiltration 

simulation. 

The developed user subroutine USDFLD discussed in earlier sections is loaded with 

modeling input file prior to initiating the calculations. The key details of the subroutine 

USDFLD and its working procedure is summarized below: 

(i) The developed subroutine USDFLD will be called at the beginning of every 

calculation increment (i.e., at the end of the previous increment) for updating the 

soil properties.  

(ii) The developed code is capable to extract the pore water pressure information, which 
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is stored in the integration points of CPE4H mesh. As a next step, the soil properties 

can be updated based on Eqs. (6.1) and (6.2) using the obtained pore water pressure 

from the previous calculation increment.  

(iii)  The updated soil properties from step (ii) will then be assigned on the finite element 

model for the next calculation increment. 

(iv)  Step (i) to (iii) will be repeated until the calculation is terminated.  

 

 

Fig. 6.5 Flow chat of the numerical modeling framework 

 

The random field generation code and python procedure are also developed for 

incorporating the spatially variable soil properties into the model and performing the FE 

modeling. The random field generation code is developed with the aid of MATLAB to 

extract the mesh elements and elements numbers of the FE model that facilitate in the 
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random field generation. The midpoint method based on the Cholesky decomposition 

technique discussed earlier is involved in the developed code as a next step to generate the 

random field based on the obtained elements. The obtained elements with the 

corresponding random value of the soil properties will then be stored in a file that will be 

called by the developed code interpreted by Python. ABAQUS provides a Python interface 

which make it efficient to customize the calculation requirements with Python script. The 

developed Python script will assign the spatial variable properties onto the FE model to 

replace the original homogeneous soil properties. The FE analysis is then conducted with 

the initial stress calculation, the geostatic analysis, the infiltration simulation, and 

foundation bearing capacity analysis. 

 

6.3 Comparison studies for foundations on homogeneous soils  

Comparison studies are summarized in this section between the results obtained from 

the performed numerical study and that from experimental data, the slip line method and 

the semi-empirical equations. First, results from the FE analysis for foundation subjected 

to vertical loading under hydrostatic state are compared with a physical model test 

conducted by Shwan (2015). The results obtained from the FE analysis for the foundation 

subjected to combined loading are used to provide comparisons with the other methods. 

 

6.3.1. Comparison study Ⅰ  

Shwan (2015) conducted physical model tests for a steel strip footing on a commercial 

fine sand from the David Ball Group, UK. The strip footing dimension used in their study 

is 25 mm × 15 mm×138 mm (width × thickness × length) is placed on the surface of fine 

sand sample with an average particle size of 0.18 mm. The sand is placed in a chamber 
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with dimensions of 140 mm × 400 mm (length × width) with glass side walls. In this 

physical model test approximate plane strain conditions are achieved due to the reduced 

friction of the glass walls (see Fig. 6.6a). A layer of porous plastic was placed at the bottom 

of the chamber that was covered with a thin layer of silt such that suction is transmitted 

smoothly. The matric suction in the soil placed in the test chamber is controlled by 

extending the hanging water column technique as shown in Fig. 6.6a. More details about 

the suction control method are available in Shwan (2015). The model footing test is 

conducted using a loading piston with a constant displacement rate of 0.6 mm/min. The 

test terminated when the load that is monitored by a loading cell has limited change with 

the settlement. The numerical model that is based on the model details summarized earlier 

is set up for comparison with the experiment and is shown in Fig. 6.6b.  

 

 

(a)                                                             (b) 

Fig. 6.6 Strip footing model test setup and the corresponding numerical model: 

(a) Test rig; (b) Numerical model  
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The SWCC was obtained from the hanging column technique and is shown in Fig. 6.7. 

The sand properties are presented in Table 6.1. The relationship between the soil hydraulic 

conductivity and matric suction is assumed based on Eq. (6.4) with p equal 3. The fitting 

parameters for the estimation of elastic modulus for unsaturated soil is based on the 

suggestion provided by Oh et al. (2009). The saturated elastic modulus is estimated from 

experimental data of the stress and displacement curve. It should be noted that a small value 

of cohesion must be assumed in the numerical model in ABAQUS by using the Mohr-

Colomb model. Shwan (2015) provided comprehensive discussions about the bearing 

capacity determined from experimental results and that from the discontinuity layout 

optimization procedure. The results show that a cohesion value of 2 kPa and 3 kPa provides 

good comparison results for GWT = 0.2m, GWT = 0.55m, respectively. Therefore, the 2 

kPa and 3 kPa are used in the numerical model for comparison purposes. 

 

 

Fig. 6.7 SWCC for the sand used in the numerical model  

 

Two different ground water tables (GWT) (i.e., Hw = 0.2m and Hw = 0.55m) are 

considered for providing comparison studies. The comparison results between the FE 
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analysis and the experimental study are shown in Fig. 6.8. Good agreement is found for the 

stress and settlement curves for both conditions. The bearing capacity value is the measured 

stress value that has no significant variation with the increasing settlement. 

Table 6.1 Soil properties for the sand 

Properties Sand 

Specific gravity, Gs 2.65 

Effective cohesion, c’ 0 

Effective internal friction angle, ϕ’ (°) 36.8 

Dry unit weight, γdry (kN/m3) 15.3 

Saturated soil elastic modulus, Esat (kPa) 8000 

Fitting parameter for Eunsat, αE 1.5 

Fitting parameter for Eunsat, β 0.8 

Saturated hydraulic conductivity, ks (m/s) 1.0 × 10-5 

 

 

 

Fig. 6.8 Comparison results between the FE analysis and the experimental study 

 

6.3.2 Comparison study Ⅱ 

Foundation subjected to inclined and eccentric loading is analyzed in this section using 

the problem illustrated in Fig. 6.9. Comparison is made between the bearing capacity 
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comprehensively described is shown in Fig. 6.2. It should be noted that the foundation and 

soil interface is considered rough that facilitate in providing a good comparison. Indian 

Head till is used for the comparison and the properties used in the numerical model are 

summarized in Table 6.2. The soil data that is used in present study is gathered from the 

published studies (Oh and Vanapalli 2018). The SWCC is shown in Fig. 6.10. Eq. (6.3) is 

used to estimate the relationship between kr and the effective degree of saturation. The 

swipe test and probe test are both conducted for obtaining the failure envelopes in the V – 

H loading space and V – M loading space. The failure envelopes obtained under the 

hydrostatic condition and the transient infiltration with qin = 0.5 × 10-7 m/s for 20 days are 

used for comparison purposes. 

 

 

(a)                                                                (b) 

Fig. 6.9 Foundation subjected to inclined and eccentric loading: (a) Inclined 

loading; (b) Eccentric loading 

 

Table 6.2 Soil properties used in the numerical model 

Properties Indian Head till 

Specific gravity, Gs 2.71 

Effective cohesion, c’ (kPa) 9 

Effective internal friction angle, ϕ’ (°) 23 

Dry unit weight, γdry (kN/m3) 14.37 

Saturated soil elastic modulus, Esat (kPa) 7000 

Fitting parameter for Eunsat, αE 0.1 

Fitting parameter for Eunsat, β 2 

Saturated hydraulic conductivity, ks (m/s) 1.0 × 10-7 

Midpoint

V: Vertical loading

H: horizontal loading

Q: Inclined loading

δ

Inclination angle: δ ≠ 0

Eccentricity: e = 0

Midpoint

Q(V): Vertical loading

e

Inclination angle: δ = 0
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Fig. 6.10 SWCC of the Indian Head till 

 

Fig. 6.11 shows the failure envelopes obtained by the FE analyses (Swipe test and Probe 

test), the slip line method and the semi-empirical equations proposed by Tan and Vanapalli 

(2023). The failure envelopes obtained from the slip line method and the equations located 

in between that obtained from the Swipe test and the Probe test in the V – H loading space 

in Figs. 6.11a and 6.11c. This is because the failure envelopes obtained from the Swipe test 

is typically conservative as the elastic-plastic yielding that occurs within the failure locus 

and can be considered as the lower bound solution for the V – H loading space (Gourvenec 

and Randolph 2003, Supachawarote et al. 2004). However, for the V – M loading space, it 

can be seen the slip line method and the equation provide conservative results at higher 

eccentricity ratio (for example, e / B > 0.3 in Figs. 6.11b and 6.11d) compared to that 

obtained from the swipe test. This is due to the effective width method that is used for the 

bearing capacity calculation in the V – M loading space in the slip line method and the 

semi-empirical equation in Tan and Vanapalli (2023). Results by Michalowski and You 

(1998) also suggest that the effective width rule method may underestimate the bearing 

capacity with a large eccentricity ratio. For cohesive-frictional soils, the underestimated 

bearing capacity value (i.e., deviation value) may decrease as the soil internal friction angle 
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increases. Nevertheless, the results of the finite element method and other methods show 

relatively good agreement in Fig. 6.11. 

 

 

(a) 

 

(b) 

  

(c)                                                     (d) 

 Fig. 6.11 Comparison of the failure envelope obtained from various methods: 

(a) V- H loading space for hydrostatic condition; (b) V- M loading space for 

hydrostatic condition; (c) V- H loading space for transient condition; (d) V- M 

loading space for transient condition. 
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The equivalent plastic strain (PEEQ) contour which shows the yielding zone is also 

shown in Figs. 6.11a and 6.11b to highlight the failure mechanism of the soil for different 

loading inclination angle and eccentricity values. The failure zone becomes shallower and 

smaller with an increase in the inclination angle and eccentricity ratio respectively in Fig. 

6.11a and Fig. 6.11b, which is consistent with the trends observed in saturated soils (Pham 

et al. 2022). The sliding trend is observed as the inclination angle increases. The PEEQ 

contour in Fig. 6.11b shows that soil mobilized mostly at the right corner of the foundation 

edge with a higher eccentricity ratio. Influence of the inclination and the eccentricity 

loading under the infiltration condition on the failure mechanism have less difference 

compared to the hydrostatic condition for the above case. 

 

6.4 Comparison studies for foundation on soil with spatial variable 

properties 

Comparison studies are conducted between the bearing capacity failure envelop 

obtained from numerical model results with and without considering the soil spatial 

variability. The spatial variability associated with soil saturated hydraulic conductivity, ks, 

soil saturated effective cohesion, cʹ and soil effective internal friction angle, ϕʹ are 

considered for providing comparisons. For each soil parameter, two independent random 

fields examples were generated and are compared with the results without considering the 

random field. The soil parameters statistics are summarized in Table 6.3. The statistics (i.e., 

COV, δh, δv) in this study are determined based on the statistics’ range provided in the 

published studies Cho (2012), Jiang et al. (2014) and Liu et al. (2017).  
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Table 6.3 Summary of soil properties statistics 

Soil properties Mean COV δh δv 

Effective cohesion, cʹ (kPa) 9 0.3 30 2 

Effective internal friction angle, ϕʹ (°) 23 0.2 30 2 

Saturated hydraulic conductivity, ks (m/s) 1×10-7 1 20 0.5 

 

6.4.1 Soil saturated hydraulic conductivity 

Figs. 6.12 shows two examples of random fields generated for the soil saturated 

hydraulic conductivity. The random fields are generated based on the mid-point method 

with the Cholesky decomposition technique discussed earlier. The random fields were 

assigned to the FE model for evaluating the foundation behavior under the combined 

loading. A transient infiltration with qin = 5 × 10-7 m/s for half day is considered in this 

section.  

The pore water pressure distribution profiles after half a day of water infiltration are 

compared in Figs. 6.13b and 6.13c at two sections (see Fig. 6.13a). There are differences 

in the water pressure profiles obtained from the numerical model results with and without 

considering the hydraulic conductivity spatial variability. The results with respect to the 

variation of the normalized bearing capacity failure envelops in the V – H loading space 

and V – M loading space are not obvious as shown in Fig. 6.14. This is also supported by 

the equivalent plastics strain (PEEQ) contours which exhibits slight or negligible difference 

in the failure mechanisms. PEEQ value obtained from the model is higher when the soil 

spatial variability is considered in comparison to neglecting the soil spatial variability; 

relative deviation PEEQ values are 29.5% and 39.3% respectively for the V – H loading 

space and V – M loading space. One more possible reason for the slight differences in the 

failure envelopes than typically expected values may be associated with the rainfall 
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intensity and duration. The pore water pressure variation below the foundation is not 

significant for the rainfall characteristics considered in this study. The rainfall 

characteristics in this Chapter are set considering the limitations associated the ABAQUS 

software that the run-off condition cannot be considered. 

 

(a)                                                             (b) 

Fig. 6.12 Random fields of ks: (a) Random field 1; (b) Random field 2 

 

(a) 

  

(b)                                                                          (c) 

Fig. 6.13 Results comparison: (a) Section diagram; (b) Pore water pressure 

profile at section 1-1; (c) Pore water pressure profile at section 2-2 
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      (a) 

 

(b) 

Fig. 6.14 Comparison of normalized failure envelopes: (a) Normalized failure 

envelopes in V-H loading space (b) Normalized failure envelopes in V-M loading 

space 

 

The above summarized results are obtained based on the random fields that are limited 

to two. Different random fields can be generated with other assumed statistics (i.e., COV, 

δh, δv). Compared to large δh and δv, there will be less correlation between two values of 

the soil properties at different positions with a relatively lower δh and δv. Different random 

fields of the soil hydraulic conductivity results in significantly different pore water pressure 
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distributions. Therefore, the deviations in the pore water profile or the normalized failure 

envelop may be influenced by different random field with various assumed statistics. This 

behavior can also be supported by a probability analysis study conducted by Cho (2014). 

In this study, Cho (2014) investigated the influence of the COV and the scale of 

fluctuations/autocorrelation distance on the probability of failure of slope subjected to 

rainfall. Results show that different combination of the COV and the autocorrelation 

distance will result in the difference of the slope critical failure surface range. For the 

autocorrelation distance that is higher than 4, the probability of failure of the slope will 

increase with an increase in the autocorrelation distance. However, for the autocorrelation 

distance that is lower than 4, the variation of the probability of failure are influenced by 

many parameters such as the COV, the infiltration duration. Therefore, probability analyses 

are proposed to be undertaken for investigating the foundation bearing capacity and the 

failure envelope subjected to rainfall infiltration with the varied statistics for generating the 

random fields. However, investigations and discussions related to probability studies are 

beyond the scope of the present study. 

 

6.4.2 Soil effective cohesion and internal friction angle 

The influence of the spatial variability of the effective shear strength parameters on the 

foundation behavior is also investigated. Fig. 6.15 shows the examples of the random fields 

of the soil saturated effective cohesion, cʹ and the effective internal friction angle, ϕʹ. The 

foundation bearing capacity failure envelop obtained from the numerical model with and 

without considering the spatial variability of soil effective shear strength parameters are 

shown in Fig. 6.16. Significant differences can be observed in Fig. 6.16a and 6.16c for the 

failure envelopes in V – H loading space. These modeling results suggest the spatial 
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variability of soil has a significant impact on foundations subjected to inclined loading; 

however, the deviation is comparatively less in the case of eccentric loading. The deviation 

of the failure envelopes is more obvious when the spatial variability of the effective internal 

friction angles is considered as shown in Fig. 6.16c and 6.16d compared to the effective 

cohesion (i.e., Fig. 6.16a and 6.16b). The maximum relative deviation is 18.2% at the 

maximum H/Vmax value between the failure envelops obtained from the model considered 

random field 2 and that from the model with constant soil internal friction angle in Fig. 

6.16c. This is also consistent with the conclusion reported by Tan and Vanapalli (2023) 

that the internal friction angle has significant influence on the foundation bearing capacity 

failure envelop. 

       

(a)                                                  (b) 

     

(c)                                                  (d) 

Fig. 6.15 Random fields of cʹ and ϕʹ: (a) Random field 1 of cʹ; (b) Random field 

2 of cʹ; (c) Random field 1 of ϕʹ; (d) Random field 2 of ϕʹ 

kPa kPa

° °
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(a)                                                         (b) 

  

(c)                                                          (d) 

Fig. 6.16 Comparison of normalised failure envelopes: (a) Spatial variability of 

cʹ in V – H loading space; (b) Spatial variability of cʹ in V – M loading space; (c) 

Spatial variability of ϕʹ in V- H loading space; (d) Spatial variability of ϕʹ in V- 

M loading space 
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(a) 

 

(b) 

 

(c) 

Fig. 6.17 Comparison of PEEQ obtained from models with and without 

consideration of soil spatial variability: (a) Inclined loading (δ = 20°); (b) 

Vertical loading; (c) Eccentric loading (Eccentricity e = 0.6) 

 

Comparison of the failure mechanisms for foundation subjected to inclined and 

eccentric loading for different soil properties considerations is conducted and shown in Fig. 

6.17. The equivalent plastics strain (PEEQ) contour of the foundation subjected to the 

δ = 20°

Homogeneous Spatial variable ϕ’(Random field 1) Spatial variable c’(Random field 1) 

Vertical loading

Homogeneous soil - ϕ' Spatial variable ϕ’ (Random field 2)

e = 0.6

Spatial variable ϕ’ (Random field 2)Homogeneous soil - ϕ'



 
232 

 

inclined loading under the hydrostatic condition is shown in Fig. 6.17a. One-side failure 

mechanism is found for the model that considers homogeneous soil properties. However, 

the shear plane develops along the weak soil beneath the foundation for models considered 

the spatial variability of cʹ and ϕʹ, respectively. The failure mechanism is not totally 

developed only one side. This phenomenon is more obvious when considering the spatial 

variability of ϕʹ, which is also consistent with the bearing capacity failure envelop in Fig. 

6.16c. It is interesting to see in Fig. 6.17b that the failure shear plane extended more 

towards the soil near the surface when considering the spatial variability of ϕʹ for 

foundation subjected to central vertical loading. The failure mechanism exhibits 

asymmetric pattern compared to the results obtained in the homogeneous soil. For soil 

subjected to eccentric loading, the failure mechanisms obtained from models with different 

soil properties considerations are similar, which corresponds to the less deviation of the 

failure envelopes in Fig. 6.16d. However, it can be seen in Fig. 6.17c that the failure shear 

plane extends relative deeper in soil considered the spatial variability. 

 

6.5 Summary and conclusion  

In this study, a numerical technique is proposed to investigate the foundation bearing 

capacity subjected to vertical, inclined and eccentric loading considering the influence of 

variations in the unsaturated flow conditions (i.e., hydrostatic and transient flow 

conditions). A user defined subroutine USDFLD is developed for incorporating the 

variation of the soil properties with the varied matric suction in an unsaturated soil. Code 

procedure that is developed as a part of this study facilitates to incorporate the soil spatial 

variability into the FE model. The obtained results from the FE model are used for 
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providing comparisons between the failure envelopes obtained in homogeneous soil and 

that in soil with spatial variable properties. Several conclusions from these investigations 

are summarized below:  

(1) There is a good agreement between the proposed numerical framework results and the 

experimental data, the slip line method and semi-empirical equations for predicting the 

foundation bearing capacity and failure envelops. 

(2) One side failure mechanism is observed with an increase in the foundation loading 

inclination angle and the eccentricity in homogeneous soils for both hydrostatic and 

transient flow conditions. 

(3) The spatial variability of soil effective shear strength parameters: cohesion and internal 

friction angle have a significant impact on the failure envelop in the V- H loading space. 

The effect of spatial variability of the soil saturated hydraulic conductivity on the 

failure envelope variation is not as obvious as the effective internal friction angle in 

this study. However, variation of the pore water pressure distribution is observed in the 

numerical model that consider the soil saturated hydraulic conductivity spatial 

variability. 

(4) Significant variation of the failure mechanism is found between the results obtained 

from the model with and without considering the spatial variability. The failure 

mechanism of foundation subjected to central vertical loading exhibits asymmetric 

pattern when considering the soil spatial variability. For foundation subjected to 

inclined loading, the yielding zone may extend to both sides of the soil beneath the 

foundation which is different from the one-side failure mechanism that typically 

observed for foundation on homogeneous soil subjected to inclined loading; such a 
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behavior is more distinct in models that consider the spatial variability of the effective 

internal friction angle.  

The results in this study are valuable to understand the influence of the soil spatial 

variability on the foundation bearing capacity and its failure envelops. It should also be 

noted that the results presented in this Chapter are obtained considering only a limited 

number of random fields. Probability analysis for foundation bearing capacity and the 

bearing capacity failure envelops would provide a more comprehensive information based 

on more random fields. More random fields can also be generated by considering other 

assumed COV and scale of fluctuations. The influence of these varied statistics for 

generating the random field on the foundation bearing capacity in unsaturated soil is also 

deserves further investigation. Probability analysis combined with the Monte Carlo 

simulations, Kriging model, random forest technique or other artificial intelligence 

methods can be used in further investigation studies with large quantity random fields. 

Such methods can be more efficient and can provide more rigorous and reliable results. In 

addition, the existing semi-empirical equations for describing the bearing capacity failure 

envelop in the literature can be modified for incorporating soil spatial variability based on 

the probability analysis. 
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CHAPTER 7 

Conclusions and suggestions for future work 

 
7.1 Major Conclusions 

Comprehensive studies are reported in the literature for the design of shallow 

foundations based on saturated soil mechanics. However, there is still limited 

understanding related to behavior of shallow foundations in unsaturated soils. The studies 

that have been undertaken to-date suggest that the matric suction is sensitive to the changes 

in water content; in addition, it influences other soil properties. The unsaturated flow has a 

significant impact on the foundation behavior. For this reason, the focus of this thesis has 

been directed to investigate the foundation behavior considering various scenarios of 

unsaturated flow conditions that include the hydrostatic state, steady state and transient 

flow conditions.  

In this thesis: analytical methods, semi-empirical equations and numerical method were 

developed to incorporate the unsaturated flow into the foundation behavior. 

Comprehensive investigation studies are undertaken to investigate: (i) bearing capacity of 

foundation on the sloping ground in different types of soils including cracked expansive 

soils, and (ii) bearing capacity of foundation under the inclined and eccentric loading 

conditions with homogeneous soil properties and considering spatial variation of soil 

properties. The proposed method can be incorporated into the calculation tools for rational 

evaluation of the foundation bearing capacity on both level and sloping unsaturated soil 

ground. Moreover, the proposed method and the results presented in this thesis provide 

reliable interpretation and explanation of the foundation behavior at any state during its 
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service life span. The proposed methods also can be used as a forensic tool for providing 

rigorous back evaluation of the failed foundation or slope. 

Major conclusions drawn from the research undertaken in this thesis are summarized 

below. 

 

7.1.1 State-of-the-art review  

Foundation on level ground subjected to vertical loading are extensively investigated 

in the literature in recent years. These studies highlight that the matric suction is a key 

parameter that significantly influences the foundation behavior. However, studies related 

to foundation behavior considering the influence of inclined and eccentric loading in the 

literature is rather limited. More importantly, there are limited studies related to the 

foundation behavior under combined (i.e., inclined and eccentric) loading taking account 

of the flow behavior in unsaturated soil and the spatial variability of the soil properties. 

The foundation behavior on slopes in saturated soils have been studied by many 

scholars comprehensively. The slope geometry, soil properties, foundation position, and 

foundation loading conditions all have influence on the foundation and slope system. 

However, limited understanding is found for foundation on sloping ground considering the 

unsaturated flow.  

For the above reasons, innovative models have been developed in this thesis that can 

provide a better understanding for foundation behavior under different unsaturated flow 

conditions taking account influence of several parameters.  

 

7.1.2 Foundation bearing capacity estimation on unsaturated soil slope under 

transient flow condition 
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An analytical method is proposed for evaluating the foundation bearing capacity on 

sloping ground of unsaturated soil under the transient flow condition. The method extends 

the slip line method and incorporates a closed-form solution taking account the transient 

unsaturated vertical flow conditions. The framework is a first attempt in the literature to 

combine the slip line method with the transient flow condition towards the evaluation of 

the foundation bearing capacity. The proposed code procedure was considered reliable for 

the three comparison studies related to: (i) foundation bearing capacity calculation on 

sloping ground in saturated soil; (ii) matric suction and effective degree of saturation 

profiles along with depth; (iii) foundation bearing capacity calculation on level ground in 

unsaturated soil. Comprehensive parametric studies including the rainfall characteristics, 

the slope angle, the foundation setback ratio and ground water table depth for different 

types of soils were conducted with the proposed method. Results suggest that the matric 

suction and the effective degree of saturation contribution is the predominant factors that 

influence the foundation bearing capacity. These factors varied during the transient flow 

conditions depending on the rainfall characteristics, type of soil, soil properties and the 

initial ground condition. The proposed method can be used as an efficient tool for the 

estimation of foundation bearing capacity on level and sloping ground of saturated and 

unsaturated soil. 

 

7.1.3 Failure envelopes for foundation subjected to inclined or eccentric loading 

considering steady and transient state flow. 

An improved and modified analytical method is proposed for evaluating the bearing 

capacity of foundation subjected to the inclined and eccentric loading. The proposed 

method extended the slip line theory incorporating with the steady state and transient flow 
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conditions in unsaturated soils; it also included the variation of the soil unit weight 

variation with the changing water content. Comparison is first conducted between the 

foundation bearing capacity subjected to inclined and eccentric loading in saturated soil 

and that from the proposed method. Then the proposed method is further validated with 

the analytical and experimental results in obtaining the foundation bearing capacity under 

the hydrostatic, steady state and transient flow conditions. Good agreements had been 

found for each comparison study. Failure envelopes are then obtained by parametric studies 

in the V – H and V – M loading spaces using the proposed method, respectively. The 

influence of the ground water table depths, the flow rates, the infiltration duration, and soil 

types on the bearing capacity failure envelopes are investigated. The loading inclination 

angle or the eccentricity have negative effect on the total bearing capacity. The failure 

envelops in both loading spaces expand during the evaporation condition and shrink under 

the infiltration condition.  

Semi-empirical equations for describing the failure envelops are proposed based on the 

parametric studies results. Good agreement is found between the results from the proposed 

equations and that from the slip line methods and published studies. The equation has 

smooth transition from saturated to unsaturated soil conditions and can be implemented 

into a calculation tool to build up the failure envelopes efficiently. The two methods 

proposed in this reasearch can be used in geotechnical engineering practice for the 

determination of foundation bearing capacity under different loading scenarios and 

unsaturated flow conditions. 

 

7.1.4 Foundation on cracked expansive soil slope subjected to rainfall infiltration  
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Numerical technique is used for evaluating the foundation bearing capacity and 

expansive soil slope stability combined performance. A semi-empirical model which 

considers the variation of elastic modulus with the matric suction was implemented in the 

numerical model. The bimodal SWCC is considered in the model for best describing the 

cracked expansive soil. The numerical model was considered to provide relatively 

reasonable results based on the comparison studies related to the matric suction profile 

under the rainfall infiltration, and the bearing capacity evaluation using different methods. 

Parametric studies were conducted and reveal that higher rainfall intensity contributes to 

higher reduction rate in the bearing capacity when other parameters are kept constant. The 

critical factor of safety reduces rapidly under the combined influence of a higher foundation 

loading and rainfall intensity. The slope surface failure, toe failure, foundation bearing 

capacity failure and deep-seated failure are observed in the present study based on different 

combination of the foundation position and rainfall characteristics. It is suggested that the 

foundation setback ratio should be at least greater than four for the Regina clay and similar 

types of soils. Moreover, results suggested that when the rainfall intensity is higher than 

the soil saturated hydraulic conductivity, the drainage measures or other slope stabilization 

treatments are essential for a stable slope and infrastructures. 

 

7.1.5 Numerical studies on foundation behavior in unsaturated soils subjected to 

vertical and inclined and eccentric loading 

 A numerical procedure is developed to simulate the foundation bearing capacity and 

the bearing capacity failure envelops in the V - H and V - M loading spaces taking account 

the unsaturated flow. User defined subroutine USDFLD is developed for incorporating the 

variation of the soil properties with the varied matric suction in unsaturated soil. MATLAB 
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Code procedure and Python scripts are developed to generate the random field considering 

the influence of the effective shear strength parameters and saturated hydraulic 

conductivity and incorporate them into the finite element model, respectively. The 

proposed procedure for the bearing capacity estimation and failure envelops prediction is 

compared with the experimental data, slip line method and the semi-empirical equations 

which achieved good comparison results. The results of the comparison study between the 

numerical model with and without the soil spatial variability reveal that the soil saturated 

effective cohesion and effective internal friction angle has significant impact on the failure 

envelop in the V- H loading space. The influence of the spatial variability of the soil 

saturated hydraulic conductivity is not as obvious as the internal friction angle. However, 

it influences the matric suction distributions. The failure mechanism of foundation 

subjected to central vertical loading exhibits asymmetric pattern when considering the 

effective soil shear strength parameters spatial variability. For foundation subjected to 

inclined loading, the yielding zone may extend to both sides of the soil below the 

foundation which is different from the one-side failure mechanism that typically observed 

for foundation on homogeneous soil subjected to inclined loading; this phenomenon is 

more obvious for the results obtained from models that consider the spatial variability of 

the effective internal friction angle.  

 

7.2 Suggestions for future work 

Suggestions for future research are summarized below: 

(1) Extend the proposed analytical method for foundation on layered soils 
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The soil in nature is typically heterogeneous with different layers or spatial variability 

due to geomorphological and geological processes such as the sedimentation, the soil 

weathering, and the soil mineral components variation. Therefore, more comprehensive 

research for foundations on layered soils is required extending the mechanics of 

unsaturated soils.  

 

(2) Probability analysis of foundation bearing capacity considering different rainfall 

characteristics 

Though the spatial variability of the soil properties is considered in this thesis, there 

are still uncertainties for different combination of the soil properties random field and 

the rainfall characteristics. The numerical techniques proposed in the thesis can be 

further improved to combine with other high efficiency model such as the Kriging 

Model, random forest or other artificial intelligence techniques for the probability 

analysis. The proposed semi-empirical equations for the failure envelop prediction can 

be modified to fit the probability analysis results. 

 

(3) Investigation of the soil and foundation behavior including the high suction range 

The suction range investigation in this study is within the boundary effect zone and 

transition zone to consider only the influence of matric suction (i.e., capillary stresses) 

associated with changes in water content in the liquid phase. However, suction can 

reach high values in expansive soil in arid and semi-arid regions. Therefore, both the 

influence of capillarity and adsorption should be considered for more rigorous analysis 

for assessing the foundation behavior over a large range of suction.  
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