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Abstract	  

This thesis provides a detailed study of slope reinforcement in soil slopes using soil 

nails, anchors and other mechanical stabilization methods. The major emphasis is on 

the use of soil nails in slopes formed with mostly residual soils.  

A comparative study has been performed reviewing the different methods of slope 

stability analysis, and the shear strength parameters used in stability analyses, the soil 

models used in numerical analyses, residual soil profiles and their detailed 

engineering properties used in previous studies and various computer software which 

are currently in use. 

An important conclusion concerning previous studies on slope stabilisation is that 

although some of them have focused on residual soils and specifically on soil nailed 

walls based in residual soil, there is not enough evidence available to show the effect 

of different parameters including soil strength, soil stiffness and also modelling 

assumptions on the result of stability analysis. 

Therefore, following a detailed discussion of the employed procedure for selection of 

geotechnical properties of residual soil, selection of modelling parameters for nailed 

wall, soil model and geotechnical software that were used, numerical models were 

built to perform a parametric study for stability assessment of nailed walls in residual 

soils. 

First, a numerical evaluation of a residual soil nailed wall was performed by using the 

most prevalent conventional analysis, namely Limit Equilibrium Method (LEM) to 

investigate the impact of cohesion on the stability of residual soil slopes. A 
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comprehensive parametric study was then performed by using the Strength Reduction 

Method (SRM) in order to investigate the effect of different parameters on the results 

of analyses. The parameters included strength parameters and stiffness of residual 

soil, analysis type, type of elements and mesh density used for Finite Element (FE) 

modelling, and bending resistance of wall facing. The results were obtained and 

compared for three different outputs including the FoS, horizontal deformation and 

nail force. 

Findings of the analysis with LEM demonstrated that residual soil slopes with a 

cohesion parameter of less than 10kPa (even with high amounts of friction angle) and 

with acceptable amounts of reinforcement have a high risk of collapse and these types 

of slopes are sensitive to the value of cohesion.  

Results of the parametric study with SRM confirmed that any improvement in the soil 

properties such as increase of cohesion or friction angle will lead to an increase in 

FoS and a reduction in nail force. However, an important property of a residual soil 

that can make a noticeable change in nail force is the friction angle of the residual soil 

rather than the cohesion of the soil. 

The results of the analysis with SRM showed that although the value of E is not a key 

factor affecting the FoS, change of E makes noticeable impacts on wall deformation 

and nail bending moments and also led to minor changes in nail tensile force. 

This study concludes that the three different modeling assumptions of element type, 

mesh density and simulation of excavation stages do not have a noticeable impact on 

either FoS or wall deformation in the stability analysis of a residual soil nailed wall. 

Keywords: Slope stability analysis, soil nailed wall, residual soil, numerical modeling 
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INTRODUCTION	  

1.1 Preamble	  

This study on reinforced soil slopes, constructed in residual soils, is part of a new 

established research program at Griffith University under the broader umbrella of 

slope protection in soils and rocks. It is the first time such studies have been carried 

out at Griffith University, and as such it became evident that this study must also be 

broad enough to incorporate the well-established work by other researchers both 

inside and outside Australia. Slope stability studies are carried out extensively now in 

Australia and many other countries such as Japan, Korea, Taiwan, China, Malaysia, 

Indonesia, India and Sri Lanka (Ting 1984, Fell et al. 2000, Hsi and Taylor 2002, Ng 

and Lee 2002).  

As such a good understanding of the geology and engineering characteristics of 

residual soils of various origins is of prime importance, this study needs to be carried 

out in stages at Griffith University.  The present thesis provides an insight into 

different issues related to slope stability analysis especially in nailed wall projects in 

sites with mostly residual soil layers. 

1.2 Scope	  of	  the	  Work	  

The main goal of this research is to investigate the impact of different parameters on 

slope stability assessment of a soil nailed wall constructed in residual soil. In order to 

achieve this goal, stability analysis of a soil nailed wall in residual soil was carried out 

with two different methods with several different conditions considered for each 

method of analysis.  
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Results of the analyses performed with different methods and under different 

conditions are presented and carefully reviewed in order to build a reliable and 

reasonable conclusion about the impact of different parameters on slope stability of a 

soil nailed wall in residual soil. 

The scope of the work presented here includes: 

1) A study on different methods of analysis including 1) Limit Equilibrium Method 

(LEM), 2) Limit Analysis (LA) Method, 3) Strength Reduction Method (SRM) and 

4) Three Dimensional (3D) Analysis for the purpose of slope stability assessment. 

2) A comparison of different methods of soil reinforcement to enhance the stability of 

slopes and in particular soil nails. 

3) A study of the residual soil profiles and the detailed engineering properties as 

obtained from published papers and considered relevant to this study. 

4) Use of computer software such as SLOPE/W and PLAXIS, as needed in studying 

reinforced soil slopes. 

5) A parametric study of a nailed wall constructed in residual soil in order to 

investigate the impact of different parameters (i.e. strength parameters and stiffness 

of residual soil, type of analysis and required assumptions for numerical 

modelling) on the results of analysis performed with two different methods (LEM 

and SRM) 

6) A comparison between the methods and results of analysis for two different 

procedures adopted in the current work. 

1.3 Need	  for	  Present	  Research	  

Soil reinforcement systems are now used increasingly in enhancing slope stability and 

several different computer software, working based on different methods of analysis, 
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have become useful tools in back calculating the engineering parameters and in 

realistically estimating the safety of slope designs. Furthermore, although a number of 

studies have been carried out on residual soils and their engineering properties and 

have been introduced in Section 2.5, there is not enough evidence available to show 

the effect of different parameters including soil strength, soil stiffness and also 

modelling assumptions in a numerical simulation on wall deformation, structural 

forces, and to sum up the results of the analysis. Therefore, the main focus in this 

thesis is an effort to import the key engineering parameters of a residual soil into 

analyses performed for slope stability assessment of nailed walls constructed in 

residual soil. Moreover, as a part of this work, parametric studies were performed in 

order to investigate the impact of different assumptions and conditions on the results 

of numerical modeling for a nailed wall constructed in residual soil. It is believed that 

the results of these parametric studies will help in finding the significant parameters 

that would have a stronger effect on different results of a slope stability assessment. 

1.4 Organization	  of	  the	  Thesis	  

This study is organized as follows: Chapter 1 provides an overall introduction to the 

work carried out in this thesis consisting of the importance of research on stability of 

slopes, scope of the work and structure of the thesis.  

Chapter 2 presents the important issues related to the slope stability analysis and 

different methods of slope reinforcement that have been extensively used in many 

countries. The choice of material to be covered in Chapter 2 is deliberate with greater 

emphasis in having an understanding of the stability of reinforced slopes and the 

associated analytical studies. In this regard, definition of shear strength in soils, 

different methods of analysis used for slope stability assessment, different methods of 
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slope reinforcement and properties of residual soils will be reviewed as the main parts 

of literature review in Chapter 2. 

Chapter 3 contains the details of the research methodologies adopted to achieve the 

goal as envisaged in this study. In this chapter, details are given under research 

methodology of the computer software and process of parameter selection used for the 

parametric studies. The primary objectives of Chapter 3 are to:  

1) Introduce the appropriate software that can be used to study the stability of 

reinforced slopes;  

2) Discuss the soil models to achieve better results; 

3) Describe the procedure taken for parameter selection being the main initial 

decision that should be made in order to build the basic structure of parametric 

studies to be carried out in the next chapters. 

Chapter 4 provides the details and procedures used regarding a parametric study of 

soil nailed walls in residual soil by using SLOPE/W software. The analysis procedure 

that is taken by software SLOPE/W is based on the Limit Equilibrium Method 

(LEM). More information about LEM and SLOPE/W is presented in Sections 2.3.1 

and 3.5.1.  

Chapter 5 presents a more detailed parametric study on soil nailed walls established 

in residual soils by using the software PLAXIS that performs analysis based on the 

Strength Reduction Method (SRM). Information about the software and its method of 

analysis is discussed in Sections 2.3.3 and 3.5.2. 

Chapter 6 presents a comparison between the methods and results of analysis from 

the two previous chapters.  
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Chapter 7 summarizes the important conclusions achieved by this thesis in addition 

to some suggestions related to the objective and methods used in this thesis. 

Finally, list of references and appendices has been presented after Chapter 7. 
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2 Literature	  Review	  

2.1 Introduction	  

The primary objective of this chapter is to highlight and discuss the important issues 

related to slope stability analysis and different methods of slope reinforcement which 

have been extensively used all around the world. The information provided in this 

chapter foreground discussion in the subsequent chapter which provides a description 

of the main work performed for the purpose of this research project. 

This chapter begins with a section on shear strength, followed by a discussion on limit 

equilibrium analyses. Some of the methods listed here for the analysis satisfy 

complete equilibrium equations (both force and moment equilibriums), whilst others 

can only satisfy either moment or force equilibrium. Furthermore, the differences 

between these methods hinge on the assumptions (e.g. magnitude and inclination of 

side forces of slices) that are made to solve the equilibrium equations. Studies carried 

out by Nash (1987) and Duncan (1996) showed that Spencer’s method is the most 

accurate technique among all the methods of slices. More information and details 

regarding these methods can be found in the literature and previous works 

accomplished by Fredlund and Krahn (1977), Morgenstern (1992) and Cheng (2005). 

Moreover, Cheng and Lau (2008), in their book demonstrated that in spite of the 

general understanding of geotechnical engineers about the accuracy of different 

techniques of the Limit Equilibrium Method (LEM), no one can conclude that the 

techniques which can satisfy complete equilibrium equations are more precise than 

others, meaning that there is no method better than the others, and therefore each 

problem should be solved based on the individual conditions with the most relevant 
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technique, not necessarily the most complex one. The reason for this claim is that all 

methods of analysis require a few assumptions in order to make the problem statically 

determinate meaning, and as such, they cannot be absolutely correct as a rule.  

The LEM is the simplest and most applicable method in slope stability analysis and 

several different types of computer software use this method in solving many 

engineering problems. The Limit Analysis (LA) Method is the next method that will 

be introduced in this section and since the formulation of the method and its 

explanation is quite complex, only the basic concepts of the method will be presented. 

The Strength Reduction Method (SRM) will then be introduced briefly as it has 

become the centre of the interest for many engineers in developing Finite Element 

programs and also appropriate research works will be discussed. In the final part of 

this section, the Three Dimensional (3D) extension of all above mentioned methods 

will be discussed and several useful works in this area will be revealed. 

Under soil reinforcement, which is the major emphasis in this thesis, soil nails, soil 

anchors and mechanical reinforcement will be introduced.  Although each of the 

above mentioned methods will be discussed in detail and important material regarding 

their application, analysis and design procedure of each method and previous works 

related to each of them will be presented, more attention will be paid to soil nailing. 

The final discussion on the topic of soil reinforcement topic is a supplementary 

introduction to the other methods of slope stabilization in a brief statement as a deeper 

look at these methods is not the subject of this thesis. 

Finally, a review of residual soils is presented including a look at general 

characteristics and engineering properties of residual soils. Slope stability on residual 
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soils will be also discussed and some significant characteristic of slopes on these 

types of soil will be summarised. 

2.2 Shear	  Strength	  of	  Soils	  

Prior to studying the behaviour of slopes, it is essential to first understand the basic 

concept of soil strength and soil behaviour as this is a key point in defining and 

solving a problem correctly. In this section, the most commonly used terms regarding 

soil strength (e.g. drained/undrained condition, effective/total stress and 

drained/undrained shear strength parameters) will be presented and briefly discussed.  

Drained/Undrained Conditions: This term has been introduced into soil mechanics 

since the speed of loading affects the water conditions in the soil. Indeed, there is a 

group of soils in which the speed with which water moves in or out of soil is much 

less than the speed of a specific loading and this can cause extra pore water pressure 

in those soils leading to an undrained condition. For instance, with a clayey soil with 

low permeability, any rapid loading can cause an undrained condition in which water 

cannot flow out of the soil during the loading time and therefore a significant part of 

the loading will be carried by water and water pressure increases in the voids until the 

time that water can flow out of soil completely. This might be a considerable time for 

clayey soils. Afterward, by the time the increased pore water pressure due to loading 

has been released completely and the pore water pressure inside the soil has become 

equal with the outside water pressure, soil volume decreases and the entire part of the 

loading is carried by the soil grains. 

In the previous example it is obvious that if the speed of loading was slow enough to 

allow the water to move out of the soil during the loading time, there would be no 

pressure applied to the pore water due to loading, and therefore this slow loading 
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leads to a drained condition. Similarly, in a sandy soil with high permeability even a 

rapid loading can cause a drained condition as the pore water can be easily conducted 

out of the soil (due to high permeability in this type of soil) and consequently, there 

would be no excess pore water pressure. The above mentioned examples evince that 

the main difference between undrained and drained conditions is related to time and 

type of soil. 

Total and Effective Stresses: In relation to soil mechanics, total stress refers to all 

forces (including both soil particle forces and water pressures available between the 

particles) divided by the total area (i.e. area of voids plus area of solids), and in this 

definition there would be no question about the portion of forces that is carried by soil 

particles and/or water pressure. On the other hand, effective stress is related only to 

the forces carried by soil particles and its value is equal to the force transmitted 

through the soil particles divided by total area, and therefore it is equal to total stress 

minus pore water pressure. 

Based on these definitions of total stress and effective stress it can be concluded that 

the total stress would be the same in both drained and undrained conditions whilst the 

effective stress can vary in drained and undrained conditions. Considering a rapid 

loading on a saturated clayey sample, right after the loading, soil is in an undrained 

condition and therefore the entire applied load is carried by water pressure and 

effective stress does not change as a result of loading. However, after the passing of 

enough time, water moves out of soil and the pressure transfers to the soil particles 

until the time that the entire excess loading is carried by the soil particles and 

effective stress increases by the value of the applied load. 
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Drained/Undrained Shear Strength: Shear strength is equal to the maximum shear 

stress that can be carried by soil and it is related to effective stress regardless of the 

fact that failure has occurred in either drained or undrained conditions (Duncan and 

Wright 2005). The Mohr-Coulomb strength envelope presents the relationship 

between effective stress and shear strength; 

τ = c! + σ′ tanφ′ (2-1) 

where τ is the shear strength, c’ is the effective stress cohesion, σ’ is the effective 

stress and φ’ is the effective stress angle of internal friction.  

Drained shear strength and its parameters (c’ and φ’) are obtained when loading (up to 

the failure point) is slow enough to allow the soil drainage, whilst undrained shear 

strength and its parameters (cu and φu) are gained by loading the soil mass fast enough 

that the soil cannot be drained. Generally, for normally consolidated clay, the 

undrained shear strength is lower than the drained shear strength because the pore 

water pressure increases and so the effective stress decreases during the loading. On 

the other hand, for heavily over-consolidated clay the undrained shear strength is 

greater than drained shear strength as a result of reduction in pore water pressure and 

increase of effective stress. 

Effective Stress/Total Stress Analysis: As a conclusion of the above descriptions 

regarding drained/undrained conditions and their appropriate parameters, it would be 

worthy to illustrate its application in slope stability analysis and the type of analysis 

that can be used. In fact, two separate types of analysis namely effective stress 

analysis and total stress analysis can be adopted to solve the slope stability problems. 

The main difference between these methods is in consideration of pore water pressure 

and shear strength parameters (c’ and φ’ for effective stress analysis and cu and φu for 
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total stress analysis) in calculations. Whilst in effective stress analysis pore water 

pressure should be measured and used for calculating the effective stress in the 

shearing plane, in a total stress analysis there is no need to find the pore water 

pressure making this method of analysis suitable only for undrained conditions 

(Duncan and Wright 2005). 

As a conclusion, total stress analysis is applicable in short-term conditions (where soil 

is undrained) and effective stress analysis is used for long-term conditions (where 

drainage of soil has occurred). In order to solve a slope stability problem, a mixture of 

both analyses might be adopted.  

 

2.3 Common	  Methods	  for	  Slope	  Stability	  Analysis	  	  

2.3.1 Limit	  Equilibrium	  Method	  

Limit Equilibrium Method (LEM) is a procedure in which the Factor of Safety (FoS) 

is calculated regarding its definition based on comparing the shear strength of the soil 

and the current shear stress in the soil. Put simply, one can formulate FoS as (Duncan 

and Wright 2005, Ou 2006, Cheng and Lau 2008): 

FoS =
Shear  Strenght  of  Soil  (τ)

Current  Shear  Stress  in  Soil  (s) 
(2-2) 

Based on the above formulation, as long as the existing shear stress of soil is larger 

than the shear strength at any location inside a slope, this slope is considered as a 

stable slope. Indeed, in all techniques of LEM, FoS is defined as the factor by which 

the shear strength of soil must be lowered to a specific value that brings a slope into 

the state of namely “just before collapsing” (Duncan and Wright 2005). 



   
 

27 

Duncan and Wright (2005) presented a thorough review of different techniques of 

LEM used for slope stability analysis and stated that LEM analysis can be performed 

in two different ways; First, by solving the equilibrium equations for the whole body 

of soil in a slope which is called the Single Free Body Procedure and second, namely 

Method of Slices, is undertaken by dividing the soil mass into smaller slices and then 

solving the equilibrium equations for each slice. The following sections introduce the 

most commonly used techniques of LEM for slope stability analysis. 

However, prior to reviewing the different techniques of LEM, some basic principles 

that are employed by LEM are presented: 

1) A problem is statically satisfied and stable as long as three main equations are 

satisfied: a) equilibrium of forces in a vertical direction, b) equilibrium of 

forces in a horizontal direction, c) equilibrium of moments for any arbitrary 

point.   

2) Different procedures of LEM solve different types of the above mentioned 

equations, and whilst some of them satisfy all three equilibriums, others 

cannot. 

3) Since the number of unknowns in equilibrium equations is more than the 

number of available equations, some assumptions need to be considered to 

solve a problem.  

4) One basic assumption that is used in all LEM procedures is the shape and 

location of slip surface which is a surface that leads to the minimum FoS. 

2.3.1.1 Single	  Free	  Body	  Procedure	  

Single free body procedures are those methods in which the whole body of soil in a 

slope (confined between a hypothetical slip surface and the ground surface) is 
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considered in solving the equilibrium equations. Three procedures named the Infinite 

slopes, Logarithmic spiral (Frohlich 1953) and Swedish circle (Abramson et al. 1996) 

methods are examples of single free body procedures.  

The Infinite slope method is used for slopes with unlimited length whose slip surface 

is parallel to the slope surface. It also can be used for all slopes possessing cohesion-

less soil, as in this case the depth of slip surface is not a matter in the calculation of 

FoS.  

Figure 2-1 shows the basic concept of this method; considering a solid rectangular 

block of soil confined between slope surface and slip surface, one can write the 

equations of equilibrium in both directions of parallel and perpendicular to the slope 

surface. Since the slope is considered as infinite, the stress at both widths of this block 

is equal, and therefore the side forces would be equal with opposite directions leading 

to their omission from equilibrium equations; 

S = W  Sin  β (2-3) 

N = W  cos  β (2-4) 

	  

 

Figure 2-1 Infinite slope and assumed failure surface (Duncan and Wright, 2005) 

For a block with unit width, W, the block weight is equal to: 
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W = γlz cosβ (2-5) 

And therefore, Equations 2-2 and 2-3 will be replaced as below: 

S = γlz cosβ   sin β (2-6) 

N = γlz cos! β (2-7) 

For the next step, FoS can be calculated (Duncan and Wright 2005) based on its 

definition, presented by Equation 2-1, and also components of shear stress (τ) and 

shear strength (s) of soil presented in Equation 2-5 and Equation 2-6: 

s = c+ γz cos! β   tanφ	   (2-8) 

τ = γz cosβ   sin β (2-9) 

FoS =
c+ γz cos! β   tanφ
γz cosβ   sin β  

(2-10) 

As can be seen in above equation, FoS in cohesionless soils (c=0) is independent of 

location of slip surface (z) which means that in the case of any cohesionless soil, the 

infinite slope method is applicable. However, in the case of cohesive soils (c≠0) this 

method is useable only if the location of slip surface lies in basic assumptions of this 

method (a slip surface parallel to the slope surface and in a small depth compared to 

the lateral dimensions of the slope). 

The Logarithmic Spiral method considers the slip surface with a logarithmic model 

and then calculates the resisting moments and driving moments about the centre point 

of this logarithmic spiral model leading to calculation of the FoS. For slopes with 

non-frictional soils (φ=0), the Swedish circle method as a specific case of the 

Logarithmic spiral method can be used for slope stability analysis. 
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In order to obtain the safety factor using the Logarithmic Spiral method, one can write 

the equation of slip surface and then calculate both active and resisting moments for 

the soil body between the slip surface and slope surface (Frohlich 1953). FoS will be 

obtained by dividing the resisting moments into the active moments. A logarithmic 

spiral equation for slip surface is defined by a centre point (O) and a radius (r!) that 

varies with the angle of rotation (θ); 

r = r!  e! !"#!! (2-11) 

 

Figure 2-2 Logarithmic spiral slip surface (Frohlich, 1953) 

With reference to Figure 2-2, it is evident that the angle between the radius of the 

spiral curve and the line perpendicular to the slip surface is equal to ϕd. This concept, 

which is one of the basic properties of a logarithmic spiral curve, leads to an 

important result; the created total forces from normal stress and the frictional 

component of shear stress (σtanφd) pass through the centre of the logarithmic spiral 

and therefore produce no moment about the centre of spiral (Duncan and Wright 

2005). Consequently, the active moment is due to the weight of soil block and the 

resistant moment originates only from the cohesive portion of the developed shearing 

stress on the slip surface. 

Centre point 

r = r!  e! !"#!!  

𝜏 
𝜎 

r!   

φ! 

θ 
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The Swedish circle method is a specific case of the logarithmic spiral method for non-

frictional soils when ϕ=0 and the spiral curve turns into a circle. Figure 2-3 shows a 

slope with a circular slip surface and the parameters needed to calculate the FoS 

(Abramson et al. 1996).  

 

Figure 2-3 Swedish method for non-frictional soils, φ=0 (Abramson et. al. 1996) 

Similar to the Logarithmic Spiral method, both overturning and resisting moments can 

be calculated, and because of the simplicity of a circular equation, FoS can be 

obtained by hand calculations as shown below; 

Overturning  Moment:      M! = W. x   (2-12) 

Resisting  Moment:    M! = c!.R. θ (2-13) 

Factor  of  Safety:      FoS =
M!

M!
=
c!.R. θ
W. x  

(2-14) 
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One should note that the applicability of the two above mentioned methods is limited 

to slopes with ordinary shape in which finding the gravity centre of soil mass is not 

difficult as it is necessary for calculating the driving moments. For more complex 

problems or slopes with unusual shapes in which finding the gravity centre of soil 

mass is not easy, application of Slice methods is more appropriate. 

2.3.1.2 Procedure	  of	  Slices	  

The Method of Slices, as the most popular technique in LE approaches, refers to all 

methods which divide the soil mass into a number of slices and then applies the 

equations of equilibrium to these slices (instead of the whole mass of soil) for 

calculating the FoS. These methods assume the slip surface as either a circular or 

noncircular surface. Examples of techniques considering a circular slip surface are the  

Ordinary Method of Slices (Fellenius 1936) and Simplified Bishop Method (Bishop 

1955, Anderson and Richards 1987), whilst other methods such as Spencer’s 

Procedure (Spencer 1967), Morgenstern and Price’s Method (Morgenstern and Price 

1965, Morgenstern and Price 1967), Janbu’s Method (Janbu 1954, 1957, 1973) and 

Sarma’s Method (Sarma 1973, Sarma and Bhave 1974) assume a noncircular curve 

model for slip surface.  

A brief description of each above mentioned methods will be presented in the 

following paragraphs together with a comparison between different references. 

2.3.1.2.1 Procedures of Slices: Circular Slip Surface 

Starting with the simplest technique which is the Ordinary Method of Slices, also 

known as the Fellenius Method, general concepts of any slice method, which 

considers a circular slip surface, will be demonstrated step by step (Fellenius 1936, 

Duncan and Wright 2005); as is obvious by its name, the first step is dividing the soil 
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into vertical slices and finding the gravity centre of each slice. The next step would be 

calculating the driving moment (moment due to weight of slope, MD) about the centre 

of circle (Figure 2-4).  

 

Figure 2-4 Method of slice with circular slip surface assumption (Duncan and Wright, 

2005) 

Resisting moment, MR is due to the cohesion part of shear stress on the slip surface as 

the direction of normal stress for each slice is passing through the centre of circle and 

therefore produces no moments. Consequently, one can write (Fellenius 1936, 

Duncan and Wright 2005): 

M! = W!a! 
(2-15) 

M! = rS! = r S! = r τ!∆l! = r
s!∆l!
FoS  

(2-16) 

where MD is the driving moment, Wi is the weight of the ith slice and ai is the 

horizontal distance between the centre of circle and the centre of slice. Regarding to 

equation 2-16, MR is the resisting moment, r is the radius of circle, Si is the shearing 

a!   

α!   

S!   
α!   

w!   

𝑟 
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force on the base of the ith slice, Δli is the length of ith slice, τi is the shearing stress in 

the ith slice and si is the shearing strength of ith slice. 

In limit state condition, when the resisting moment is equal to the driving moment, by 

substituting the value of shear strength of soil (s in equation 2-16) equal to “c+

σ tanφ  "  and value of “a” (in equation 2-15) equal to “rsinα”, FoS can be found from 

the equation below: 

FoS =
s∆l

W sinα =
(c+ σ tanφ)∆l

W sinα  
(2-17) 

Where W is the weight of soil existed in the assumed slipe surface, Δl is the length of 

assumed slip surface, c is the cohesion of the soil, φ is the friction angle of the soil, σ 

is the normal stress and α is the inclination of the bottom of respective slice. 

However, as shown, solving the above equation depends on the determination of 

normal stress (σ) on slip surface for each of the slices that is not a statically 

determinate problem.  

Therefore, additional assumptions are needed to solve this problem and these 

assumptions are the main cause of difference between various methods of slices. In 

Ordinary Method of Slices, for simplification, forces applied on both sides of a slice 

are ignored and as a result FoS can be obtained directly. With reference to Figure 2-4 

and Figure 2-5, σ that appeared in equation 2-16 can be replaced by its equal as 

below: 

σ =
W cosα
∆l  (2-18) 

FoS =
(c∆l+W cosα tanφ)

W sinα  
(2-19) 
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Figure 2-5 Forces applied on a slice in Ordinary Method of Slices (Duncan and 

Wright, 2005) 

Another method of slices which assumes a circular shape for the slip surface is the 

Simplified Bishop Method which gives a more reliable result compared to the 

Ordinary Method of Slices, especially in conditions involving high water pressure 

(Bishop 1955). In this method, side forces applied on a slice are assumed to be 

horizontal meaning that there is no shear force between the slices. Consequently, FoS 

can be obtained from the equation below. As can be seen, FoS has appeared in both 

sides of this equation meaning that finding the correct FoS requires a process of trial 

and error. 

FoS =

c!∆l cosα+ (W− u∆l cosα) tanφ′
cosα+ (sinα tanφ′)/FoS

W sinα  

(2-20) 

Where W is the weight of soil existed in the assumed slipe surface, Δl is the length of 

assumed slip surface, c’ is the effective stress cohesion of the soil, φ’ is the effective 

stress friction angle of the soil, σ’ is the effective normal stress, u is the pore water 

pressure on the slip surface and α is the inclination of the bottom of respective slice. 
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2.3.1.2.2 Procedures of Slices: Non-circular Slip Surface 

In some cases of slope stability analysis, considering a simple slip surface such as 

those introduced in previous sections is not possible due to complexities in different 

soil layers or probable existence of very weak layers which has a significant effect on 

the shape of slip surface. In this respect, there are some producers that assume a more 

intricate model for slip surface as introduced at the beginning of the current section. 

The basic assumption of these models will be explained briefly in the following 

paragraphs. 

Janbu’s Method of Slices is an example of the methods that just satisfy force 

equilibrium equations (and not the moment equilibrium), leading to the high impact of 

inter-slice force direction on the factor of safety. Janbu assumed that the inter-slice 

forces are horizontal and because this presumption did not conclusively obtain 

accurate results, he later improved his method by applying a correction factor on the 

obtained results. He also developed the method called Janbu’s Generalized Procedure 

of Slices (GPS) which somehow can satisfy both force and moment equilibrium 

equations (Janbu 1954, Janbu 1957, Janbu 1973). 

Spencer’s procedure is one of the methods that can satisfy complete equilibrium 

equations. The inter-slice forces in this method are parallel to each other but the 

inclination is unknown. In order to solve the problem, an initial value for FoS and the 

inclination of inter-slice forces (θ) is considered in solving the equilibriums and 

finally in a trial-and-error procedure the exact values for FoS and θ are obtained 

(Spencer 1967). 

Morgenstern and Price Procedure, also as a method that can satisfy complete 

equilibrium equations, is close to Spencer’s method with the only difference being 
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that the former is more changeable in considering the inter-slice force direction. 

However, this flexibility does not have a noticeable impact on the obtained FoS, and 

therefore the result obtained by these two methods is approximately the same 

(Morgenstern and Price 1965, Morgenstern and Price 1967). 

Sarma’s Procedure is the other method that is able to satisfy complete equilibriums, 

but it has a different application compared to the two previously mentioned methods 

as it has been invented specifically to solve the problems related to seismic 

conditions. Indeed, in this method the FoS is assumed and then the equilibrium 

equations will be solved to find the seismic coefficient (Sarma 1973, Sarma and 

Bhave 1974).    

2.3.2 Limit	  Analysis	  Method	  

Considering the three required conditions to make a solution validated (i.e. stress 

equilibrium equations, strain-stress relations and compatibility equations) leads to the 

conclusion that LEM which satisfies just the stress equations is not the best solution 

for solving the geotechnical problems and finding the collapse load (Chen and Giger 

1971). Indeed, the answer found by the LEM is not the only answer that can satisfy 

the stress equilibrium equations. Therefore, the Limit Analysis (LA) method was 

introduced and adopted for the purpose of finding collapse load in geotechnical 

problems such as slope stability analysis.  

This method involves two theorems, namely, the lower bound theory and the upper 

bound theory.  According to Chen (2008), lower bound theory states that if one can 

find a loading condition in which the stress distribution is statically determined, the 

conclusion would be that no plastic flow will occur at the lower load. On the other 

hand, upper bound theory declares that for a specific problem, uncontained plastic 
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flow, or plastic collapse, must have taken place if one can find a kinematically 

admissible velocity field for the condition of that problem. 

Both lower bound theory and upper bound theory have been employed in 2D and 3D 

slope stability analysis since their first developments in geotechnical solutions from 

mid 1900’s.  For examples of using lower bound theory, one can refer to the work 

performed by Bottero et al. (1980), Zhang (1999), Kim et al. (2002), Loukidis et al. 

(2003) and Chen (2008) which all have focused on 2D analysis, whilst others like 

Lyamin and Sloan (2002) have conducted 3D analysis. Moreover, much work has 

been accomplished in the application of upper bound theory in 2D analysis of slopes 

(Drucker and Prager (1952); Chen and Giger (1971); Chen (2008); Karal (1977) and 

Izbicki (1981)), as well as 3D analysis (Giger and Krizek 1976, Michalowski 1989, 

Farzaneh and Askari 2003).  

2.3.3 Strength	  Reduction	  Method	  

Strength Reduction Method (SRM), normally known as a continuum mechanics based 

numerical method, has been employed for analysis of slope stability since the 

mid1900’s by different researchers. As is apparent from the method’s name, for the 

purpose of analysis the strength parameters (c’ and φ’) decrease until the collapse 

happens, which refers to the condition in which one or more criteria (e.g. excessive 

deformation) that is a sign of collapse has been observed in the model (Dawson et al. 

1999). 

Compared to LEM, one of the most important advantages of SRM is its ability in 

providing useful information (e.g. displacement and stress values) during the 

development of failure until failure incipient and also indicating where yield initiates 

(Naylor 1982). Considering the wide application of computers in geotechnical work 
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and consequently extensive and easy access to different Finite Element (FE) 

programmes which employ SRM for their analysis procedures, one can refer to SRM 

as the most effective and common applicable methods for slope stability analysis.  

Regarding the validity of results obtained by SRM, much work has been carried out 

by several researchers. For instance, in 1975, Zeinkiewicz et al. (1975) presented a 

paper showing the use of SRM in 2D slope stability analysis as a part of their research 

work concluding that there is a close agreement between the results obtained by SRM 

and the result of LEM analysis. They employed SRM in two cases: first, by just 

decreasing the soil cohesion (c) and keeping the angle of friction (φ) constant, and 

second, by decreasing both c and φ until collapse happened. Subsequently, other 

researchers such as Naylor (1982), Donald and Giam (1988), Brinkgreve and Bakker 

(1991) Ugai and Leshchinsky (1995), Griffith and Lane (1999), Dowsen et al. (1999), 

employed the SRM and confirmed Zeinkiewicz’s (1975) statement.  

2.3.4 Three	  Dimensional	  Analysis	  

Three Dimensional (3D) analyses have been employed in almost all the previously 

mentioned methods since the late 1960’s by many researchers. (Duncan 1996) 

Summarized the application of 3D analysis in different LEMs in slope stability studies 

since it’s invention. Duncan’s work confirmed Cavounidis’s (1987) statement 

claiming that the FoS obtained by 2-D analysis of slope stability is normally smaller 

and more conservative than the FoS calculated by 3D analysis and consequently the 

fact that use of 3D analysis is more preferable and economical. 

Examples of different LEMs which have extended into 3D analysis are: 1) Swedish 

Circle presented by Azzouz and Baligh (1983) and Gens et al. (1988), 2) Ordinary 

Method of Slices presented by Hovland (1977) and Ugai (1988), 3) Spencer’s Method 
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introduced by Chen and Chameau (1982), Xing (Xing 1988), Ugai (1988) and Chen et 

al. (2003), 4) Bishop’s Method extended by Hungr et al. (1989) and Huang and Tsai 

(2000), 5) Morgenstern and Price employed by Anagnosti (1969) and Lam and 

Fredlund (1993). It is also important to mention that 3D analysis has been extended 

from 2-D LEM analysis, Slice methods, by converting the 2-D slices into 3D 

columns. 

Regarding the extension of 3D analysis in LA methods, several references were 

introduced in Section 2.2.2 and according to the latest studies, both upper band and 

lower band theories can be extended from 2D to 3D analysis. More than this, some 

researchers have used finite element methods to obtain a 3D upper/lower band 

solution (Lyamin and Sloan 2002, Lyamin and Sloan 2002). 

Finally, the most recent acceptable method of slope stability analysis, SRM, is 

improving through the application of 3D analysis. Griffiths and Marquez (2007) 

applied 3D SRM for analysis of several slopes validating their study’s results against 

results obtained by conventional limit equilibrium analysis performed by previous 

researchers. They concluded that not only is the 3D analysis more accurate and 

pragmatic, but it can also indicate more sensible mechanisms of slope failure. 

2.3.5 Summary	  

Different methods of slope stability analysis have been discussed in this section and 

previous studies which have been conducted in this area for each method were 

introduced. Amongst different techniques of LEM, it has been shown that various 

assumptions are the main criteria in categorizing the techniques and there is no 

absolutely correct solution in analysing slope stabilities. Indeed, the important 

function of a geotechnical engineer is to find the most suitable method for a specific 
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problem, and in order to achieve this goal, one should mix theoretical knowledge with 

the results obtained from actual projects and thus verify the data by using the results 

of back analysis procedures. 

2.4 Different	  Methods	  of	  Slope	  Reinforcement	  

In this section, different methods of slope reinforcement will be introduced and a 

detailed discussion regarding each of these methods, their application and also 

available techniques for analysis and design of each method will be presented. 

Furthermore, as a supplementary section, other methods of slope stabilization are also 

introduced and listed briefly as a more in depth discussion of these methods is not the 

subject of this thesis. 

2.4.1 Soil	  nailing	  

Soil nailing is the process of reinforcing an existing ground by installation of steel 

bars, called nails, into the ground at specified distances in a top to bottom construction 

procedure. The nails can be installed at an angle, usually 10 to 15 degrees, below the 

horizontal line in order to provide a better shearing resistance for the in-situ soil. After 

the installation of nails in a row, a concrete or shotcrete layer is also used on the 

excavation surface for better continuity and surface stabilization. 

In order to establish a soil nailed system three main elements should be identified: 

which are the native soil (which is a slope or to be excavated), the nails (steel bars), 

and the facing components. Furthermore, several circumstances such as nailing 

spaces, excavation stages, type of connectivity between nail heads and surface 

elements, existence of underground water and method of nail installation can affect 

the outcome obtained of the soil nailing procedure. As shown in Figures 2-6 and 2-7, 

a detailed illustration of components required for a soil nailing system and 
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construction sequences has been presented in the Federal Highway Administration 

(FHWA) report (Lazarte et al. 2003). 

Application- Since its first application in the late 1960’s in Europe and the United 

States, soil nailing has become widely used all over the world as a cost effective and 

advantageous method of soil reinforcement. With regards to the adoption of soil 

nailing systems in vertical or near vertical cut excavations, which is the most popular 

project for this system, soil nailing is being used in different construction projects 

such as roadway cut excavations and road widening, improvement of existing 

retaining structures and temporary or permanent cut excavations in urban area. 

Additionally, soil nailing is also used in landslide stabilization systems in which the 

nails are installed vertically and perpendicular to the base of the landslide. However, 

further applications of soil nailed systems will not be discussed here as the main 

object for this study is related to slopes. 
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Figure 2-6 Soil nailed system in detail (Lazarte et al. 2003)  

 

(b) 

(a) 
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Figure 2-7 Typical soil nail wall construction sequence (Lazarte et al. 2003)  
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2.4.1.1 Analysis	  and	  Design	  of	  Soil	  Nailed	  Walls	  

In this section, firstly, key standards for soil nailed systems that are being used around 

the world will be introduced and in the next part a procedure of analysis and design 

based on one of these standards will be explained.  

2.4.1.1.1 Predominant	  Standards	  and	  Codes	  for	  Soil	  Nailing	  Systems	  

Regarding analysis and design of soil nailing systems, several codes have been 

published by the appropriate associations in different countries. Among them are the 

most popular codes including BS-8006 (1995) prepared in England, Clouterre (1991) 

firstly published in France and then translated to English in the U.S.A, FHWA 

(Lazarte et al. 2003) published and used as the primary standard of soil nailing in the 

U.S.A, GEOGUIDE 7 (2008) published and used in Hong Kong and also Eurocode 7 

(2004).  

BS-8006 (1995) demonstrates the application, construction techniques and design 

methods of soil reinforcement in Great Britain and uses both partial factor and load 

factor methods in the design procedure. Two types of limit state (i.e. serviceability 

limit state and ultimate limit state) have been considered in this guideline. It also 

presents recommendations on testing methodologies and contains design issues 

related to construction of walls, reinforced slopes, plus the design of embankments 

with reinforced soil foundations on poor ground. 

FHWA (Lazarte et al. 2003) has been developed exclusively for selection, design, 

analysis and construction of soil nail walls in transportation projects. The adopted 

design method in this code is based on Allowable Stress Design (ASD). A review of 

soil nailing and its application is presented in this guideline, and more importantly a 

step-by-step design process and simplified design charts have been presented for 
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practical use in different projects. Furthermore, different conditions of project such as 

geotechnical properties of the in situ soil and underground water have been 

considered in this manual. All above mentioned features have made this standard one 

of the most widely used codes in soil nailing systems all around the world. 

The Clouterre report (1991) is another primary code for soil nail walls and is the 

outcome of a 4-year research project named Clouterre initiated in France by the 

French Minister of Transport in 1986. The main objective of this research was to 

develop recommendations on soil nailing for temporary and permanent nailed soil 

walls in excavation, with special emphasis on safety and durability. As a part of this 

project, three full-scale experimental nailed walls were constructed and loaded until 

the failure occurred and then three modes of failure were studied. Additionally a new 

concept of safety factor (partial safety factors and weighting factors) was introduced 

in this recommendation and the results of nearly 450 tests on nails (pull out test) were 

used to create a realistic relationship between nails, soil condition and soil-nail 

interface frictional resistance. Consequently, the Clouterre report can be considered as 

one of the first major contributions to the status of knowledge on soil nailing in 

excavation. 

Although Eurocode 7 (2004) is not directly related to soil nailing systems, it can 

provide useful information about general concepts in geotechnical design of 

reinforced soil structure. 

Geoguide 7 (2008) is also another standard for soil nailing systems and is the 

recommended standard for design, construction, monitoring and maintenance of soil-

nailed systems in Hong Kong. The geotechnical structures considered in this code are 
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retaining walls, reinforced slopes and excavations that have been strengthened by 

installation of standard steel bars in drilled-and-grouted holes. 

2.4.1.1.2 Analysis	   and	   Design	   of	   Soil	   Nail	   Walls	   Based	   on	   FHWA	  

Recommendations	  

As discussed in the previous section, one can use any of the above mentioned 

standards in order to analyse and design a soil nailing system with selection of 

suitable code mainly depending on the location of the project and feasibility of 

different methods presented in different codes. However, in order to illustrate the 

basic concepts of design and analysis in a soil nailed project, in the following 

paragraphs a summary of analysis procedure based on the FHWA report will be 

presented. A brief overview of the design procedure based on the FHWA report will 

additionally be presented in Table 2-1. 

Analysis- Prior to the description of the analysis method, FHWA firstly illustrates the 

transfer mechanism of force in nails during the different stages of construction (see 

Figure 2-8).  

As shown in Figure 2-8, the tensile force in an installed nail (e.g. nails in the first row) 

increases as the excavation stages go on and it reaches to a maximum value at the end 

of excavation. It also shows that with the progress of excavation, critical failure 

surface becomes deeper and larger, and as a result, the effect of upper nails in 

retaining of this bigger sliding mass decreases leading the upper nails becoming 

completely useless in calculation of deep critical surfaces. Most importantly, it is 

concluded that in the analysis of soil nailed walls both loading conditions including 

“during construction” and “post construction” loads should be considered to calculate 

the critical forces of nails. 
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Figure 2-8 Load transfer mechanism in nails by excavation’s progress 

(Lazarte et al. 2003) 

Subsequently, FHWA describes design and analysis of soil nailed walls based on two 

main critical conditions, which are Strength Limit States and Service Limit States, plus 

other secondary conditions such as soil drainage and corrosion of nails or any metallic 

component in the system. 

Strength Limit States refers to conditions that can lead to the collapse of the whole 

part or some parts of the system due to an overloading condition that is higher than 

the available strength in the system. Therefore, proper design of a nailing system 

should prevent any failure or collapse in the whole system or individual parts of it and 

can be done by considering three major causes of failure named as:  

• External failure mode; 
• Internal failure mode; and 
• Facing failure mode. 
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Figure 2-9 shows the above three modes of failure and the critical conditions that 

should be controlled in order to avoid them. 

 

Figure 2-9 Principal failure modes of soil nail wall systems (Lazarte et al. 2003) 
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As shown in Figure 2-9, global stability is the first mode of failure that should be 

controlled and it is commonly performed by using techniques of LEM that were 

introduced in Section 3 of Chapter 2. In this regard, different researchers have used 

different types of failure surfaces including: 1) planar (Sheahan et al. 2003), 2) bi-

linear with a two wedge slipping mass (Stocker et al. 1979, Caltrans 1991), 3) 

parabolic (Shen et al. 1981), 4) log spiral (Juran et al. 1990), and 5) circular (Golder 

1993).  

Numerical comparisons among different methods show that differences in the 

geometry of the failure surface do not result in a significant difference in the 

calculated factors of safety (Long et al. 1990). As discussed in Section 2.3 of the 

present chapter, the main drawback in LEM is that they cannot provide any 

information about deformations during and before failure condition and this reason is 

enough to encourage many geotechnical engineers to use other methods of analysis 

such as Finite Element Methods.  

As an example of soil nailed wall analysis using LEM, a simple, single-wedge failure 

mechanism is shown in Figure 2-10. Based on this figure, in order to achieve the 

Factor of Safety (FoS), it is enough to find the ratio of total resisting forces to the total 

driving forces. 
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Figure 2-10 Global stability analysis of soil nailed wall using a single-wedge failure 
mechanism (Lazarte et al. 2003) 

The next mode of external failure is Sliding and its FoS can be easily calculated by 

the value of horizontal resisting forces divided by horizontal driving forces (see 

Figure 2-11). 

 

Figure 2-11 Sliding stability of soil nailed wall (Lazarte et al. 2003) 
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Finally, bearing Failure (basal heave) as an external failure mode should be checked 

when the soil nail wall is constructed in a fine-grained soft soil. 

Similarly to external failure modes, internal failure modes are also needed to be 

checked which can be in the form of: 1) nail-soil pull out failure, 2) bar-grout pull out 

failure, 3) nail tensile failure, or 4) nail bending/shear failure. These four types of 

internal failure have been discussed in detail in the FHWA report and can be referred 

to as a comprehensive source. 

Facing failure modes are the other important factors that should be checked in a soil 

nailed system and it can be seen in four different situations as shown in Figure 2-12. 
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Figure 2-12 Facing connection failure modes (Lazarte et al. 2003) 

Design of soil nailed wall based on FHWA procedure: In order to design a soil 

nailed wall, one can follow the step-by-step generalized procedure introduced by 

FHWA (see Table 2-1). 
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Table 2-1 Design steps for soil nail walls (FHWA, 2003) 

Step.1 Initial Soil Nail Wall Design Considerations 

A. Wall layout (e.g., wall length, wall height, face batter) 
B. Soil nail vertical and horizontal spacing 
C. Soil nail pattern on wall face (e.g., square, staggered, other irregular patterns) 
D. Soil nail inclination 
E. Soil nail length and distribution 
F. Soil nail material type (e.g., selection of steel bar grade) 
G. Selection of relevant ground properties for design (e.g., soil shear strength, 

location of groundwater table, etc.) 
H. Other initial considerations 

Step.2 Preliminary Design Using Simplified Charts 

  These charts are used to preliminarily evaluate nail length and maximum nail force 

Step.3 Final Design 

A. External Failure Modes 
1) Global stability 
2) Sliding stability 
3) Bearing capacity 

B. Seismic Considerations 
C. Internal Failure Modes 

1) Nail pull out resistance 
2) Nail tensile resistance 

D. Facing Design 
1) Nail head load 
2) Wall facing type and thickness 
3) Facing material 
4) Flexural resistance 
5) Facing punching shear resistance 
6) Facing head stud resistance 
7) Other design facing considerations 

Step.4 Estimate Maximum Wall Deformations 

Step.5 Other Design Considerations 

A. Drainage 
B. Frost protection 
C. External loads 
D. Support for facing dead load (e.g., foundation support for precast wall facing) 

 

As can be seen in the above table, design of a soil nail wall consists of 5 primary 

steps: in Step 1, some assumptions should be considered to define a soil nailing 

project (e.g. wall layout, nail properties and ground properties); then in Step 2, 

preliminary design will be performed based on available charts in FHWA which have 
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been obtained after using the computer program SNAIL; Step 3 would be the final 

design where all the failure modes discussed previously (in Analysis of soil nailed 

walls) will be checked and the FoS will be obtained; Afterward, Service Limit States 

which is related to checking the deformations of system, will be examined in Step 4, 

and Step 5 will be performed for the purpose of considering the special conditions 

such as drainage or frost protection. 

2.4.1.2 A	  Review	  of	  Previous	  Studies	  on	  Soil	  Nailing	  

A review of the extant literature shows that much research has been conducted to 

study the behaviour of soil nailed walls in order to find the best approach for solving 

the problem related to soil nailing projects. One of the most valuable studies that has 

been accomplished recently is a PhD thesis fulfilled by Vikas Singh (2009) which 

contains a comprehensive review of different research studies related to different 

aspects of soil nailing systems. 

In his own work, Singh studied the behaviour of soil nailed walls under different 

loading conditions (static and dynamic) by using two methods of numerical solutions 

and reliability analysis. Numerical solutions were based on finite element modelling 

and he used PLAXIS to perform this analysis.  

Moreover, using PLAXIS, he investigated several different subjects related to 

simulation of soil nailing systems by the finite element method including; 1) use of 

advanced soil models 2) interface modelling 3) equivalent parameters in nail 

modelling 4) effect of mesh density, boundaries, fixity conditions and facing 

connection on the results of analysis. Then he performed reliability analysis of soil 

nail systems which is a relatively new topic in the area of ground improvement (Babu 

and Singh 2009).  



   
 

56 

In brief, Singh’s thesis drew the following conclusions: 

1)  Use of advance soil models is only necessary when very small lateral 

deformations can affect the serviceability of soil nailed systems. 

2)  Considering bending stiffness of soil nails leads to a better simulation of 

facing failure modes and so results of analysis in intermediate stages of 

construction. 

3) Correlation among the in-situ soil parameters significantly influences the 

reliability-based evaluation of stability of the soil nail walls. 

4) Under seismic conditions, having longer nails at the bottom will increase the 

stability of the system. 

Using the above mentioned thesis data and other available sources, the following 

paragraphs summarise some of research work which has been carried out in different 

areas related to soil nailing systems. In this regard, two different types of approaches, 

which are numerical methods and experimental works, will be discussed separately. 

Research involving numerical methods- Firstly, research on soil nailing that has 

utilized the Numerical Methods, which is the primary tool for completion of the 

current thesis, will be introduced. A summary of these studies is listed in Table 2-2. 

It can be seen from Table 2-2 that different methods of analysis and different 

computer programs have been successfully applied in order to study the behaviour of 

soil nailed walls for different purposes. Furthermore, these research studies have 

usually involved verification of the results obtained by the appropriate software based 

on the results achieved from experimental work and consequently, the mentioned 

software in this table have become the primary tools in numerical analysis of soil 

nailing systems.  
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According to information presented in Table 2-2, one can classify the previous 

numerical studies in soil nailing into three major groups based on the method that has 

been used: 

1) Studies that have used the Finite Element Method (FEM) 

 2) Studies that have used the Finite Difference Method (FDM) 

 3) Studies that have applied 3D analysis in FEM or FDM.  

A summary of each study in the three aforementioned groups are presented in the 

following paragraphs. 
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Table 2-2 Summary of previous numerical studies in soil nailing systems 

Research 
Numerical 

Method 
Aim of work 

Sawicki et al.(1988) 
Finite Element 

Method (FEM) 

A comparison between experimental and numerical data 

obtained for stresses in nails 

Kim et al.(1997) 
Discrete Element 

Method (DEM) 

Evaluating the stability of reinforced slopes by DEM 

Briaud and Lim (1997) 
3D FEM using 

ABAQUS 

Study the behaviour of soil nailed walls constructed 

 under a bridge abutment built on piles 

Smith and Su (1997) 3D FEM 
To investigate the behaviour of a soil nailed wall curved in 

plan 

Zhang et al.(1999) 3D FEM 
A parametric study to investigate impact of some factors 

on displacements 

Ng and Lee (2002) 
3D FEM using 

ABAQUS 

A parametric study of the use of soil nails for stabilising 

tunnel faces 

Babu et al.(2002)  

Finite Difference 

Method (FDM) 

using FLAC 

To investigate the effect of construction factors on soil 

nailed wall behaviour 

Cheuk et al.(2005) FDM using FLAC 
To investigate the behaviour of soil nailed walls in loose 

fill slopes 

Fan and Luo (2008) 
FEM using 

PLAXIS 

To investigate the effect of nail orientations and geometric 

layout on the overall stability of nailed wall and to find the 

optimum layout 

Singh and Babu (2010) 
FEM using 

PLAXIS 

To study the nail wall performance by using different soil 

models  

Wei and Cheng (2010) FDM using FLAC 
A comparison between SRM and LEM for analysis of soil 

nailed walls 
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1) Studies that have used the Finite Element Method (FEM): Sawicki et al. (1988) 

conducted a comparison between the predicted developing stress in the nails after 

using finite element methods and the actual stress that had been measured in a real 

soil nailing project. They found a good agreement between the predicted and the 

measured stresses showing that finite element method can give a good estimation 

about response of soil nail systems. In addition, they imported the concept of limit 

plasticity into soil reinforcement problems. 

Fan and Luo (2008) used the finite element method to study the influence of nail 

orientations and the geometric layout of nails on the overall stability of nailed 

walls. In their work, several slopes with different angles and different nail angles 

were analysed by PLAXIS and the overall safety factor of each slope was 

recorded. At the end, they introduced an optimal layout for nails in a nailing 

system based on slope angle. For instance, the optimal nail orientation for slopes 

with slope angles of 90º, 80º, 70º, 60º, 50º was identified as 0º, 8º, 16º, 23º, 30º and 

40º respectively. In the other words, they claimed that the optimal nail orientation 

in relation to the horizontal plane increases with a decrease in the gradient of soil–

nailed slopes. 

Fan and Luo (2008) also analysed several slopes with different nail lengths and 

different vertical spaces between nails and concluded that the effect of length for 

nails which are located 1/3 lower of a slope is more significant than the other nails 

on the overall stability of slope. However, different vertical spaces between nails 

do not affect the overall stability of slope significantly. 

Another study undertaken by Singh and Babu (2010) investigated the application 

of different soil models in soil nailed systems. Using PLAXIS they simulated the 
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soil behaviour using three different models - the Mohr-Coulomb (MC) model, 

Hardening-Soil (HS) model and Hardening soil with small strain stiffness (HSS) 

model. The outcome of their research showed that application of advanced soil 

models such as HS or HSS is useful only in cases where very small lateral 

deformations can affect the serviceability of soil nailed systems or there is any soft 

soil in the site. 

2)   Studies that have used the Finite Difference Method (FDM): Babu et al. 

(2002) used FLAC which is a FDM based program to study the influence of 

different construction factors (e.g. construction sequence, scheduling of operations, 

construction sequence, type of facing, connection between nails and facing, 

stiffness of facing and inclination of wall facing) on behaviour of a soil nailed 

system.  

The results of their work showed that the offset facing leads to less horizontal 

deformation and is advantageous over vertical facing. Moreover, both overall 

stability and wall deformation will be improved significantly by setting a rigid 

connection between nails and facing. The results of this study also proved that the 

stability of soil nailed wall is not affected significantly by the thickness of the 

facing. 

Cheuk et al. (2005) conducted a FDM based analysis on loose fill soil nailed slopes 

in order to investigate the behaviour of these systems. They simulated a 20m high 

slope with slope angle of 35º in FLAC and discovered that a combination of soil 

nails and a proper facing structure might reduce the displacements of these slopes 

caused by rainfall infiltration. Moreover, based on the outcome of this analysis 

they claimed that soil nails should be connected properly to a facing structure or 
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nail heads in the slope facing in order to prevent the global failure mechanism 

involving the development of a flow slide. 

The other numerical research involving FDM was carried out by Wei and Cheng 

(2010). Its main goal was to compare the LEM and SRM methods in stability 

analysis of soil nailed slopes. Using FLAC, they analysed different slopes with 

different conditions and concluded that there is no major difference between the 

results (in terms of safety factor and slip surfaces) obtained by LEM and SRM as 

long as the nail loads are not controlled by overburden pressure. 

Moreover, they could achieve an optimal layout for soil nails by locating the 

longer nails at the bottom and the shorter nails at the top. Finally, they showed that 

if the failure mode is not due to an internal tensile failure, in spite of a commonly 

believed state, there is no reason to have the line of maximum tension force in nails 

corresponding to the critical slip surface. 

3) Studies that have applied 3D analysis in FEM: Briaud and Lim (1997) studied 

the behaviour of soil nailed walls constructed under a bridge abutment built on 

piles. They used ABAQUS in order to perform a non-linear 3D FEM based 

analysis and could gain valuable information that was very useful to set design 

guidelines.  

First, they validated their numerical model with an instrumented case history and 

then performed a parametric study by using the calibrated model to investigate the 

influence of excavation and nail layout on the axial load and bending moments in 

the piles, nail loads and wall deformations. Finally, based on the result of a model 

calibration and parametric study, they proposed brief guidelines that can be used in 

design of soil nailed walls under a bridge abutment built on piles. 
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Smith and Su (1997) used a program code developed by Smith and Griffiths (1997) 

to analyse a 3D FEM based soil nailed model by simulating the excavation, nail 

installation and facing stabilization procedures under both service loading and 

collapse conditions. In their study, soil behaviour was modelled by a Mohr-

Coulomb yield criterion with an elastic perfectly plastic stress-strain relationship. 

After finding the optimal size of finite element meshes in the model, Smith and Su 

analysed the 3D soil nailed model and discussed the results of the analysis in terms 

of developed axial forces, bending moments and shear forces in nails and also wall 

deformation. They concluded that a 3D analysis can model soil nailing 

construction- under service loading and at collapse successfully.  

Zhang et al. (1999) conducted a parametric study to investigate impact of some 

factors on displacements of a soil nailed walls. As a part of their work, they first 

developed a 3D FEM based program and simulated a soil nailed wall which could 

cover soil nonlinearity, soil-nail interaction and staged construction of the system. 

Then afterward, they validated their model with comparison of measured data from 

a field prototype, developed by Shen et al. (1981) and data obtained after analysis 

of this prototype in their 3D FEM based program. Finally, using their proposed 

program, they performed an extensive parametric study on a soil nailed wall and 

explored the effect of several factors (i.e. depth of excavation, nails length and 

horizontal spacing between nails) on behaviour of a soil nailed system in terms of 

deformation under working loads. 

As a result of their work, Zhang et al. (1999) achieved a good agreement between 

the results of analysis obtained by their proposed program and the measured data 

obtained from the field prototype. Furthermore, the parametric study proved that 
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longer nails can significantly decrease and limit the horizontal deformation of the 

soil nailed wall. It also confirmed that decreasing the horizontal space between 

nails can help greatly to reduce the horizontal deformation of soil nailed wall. 

Ng and Lee (2002) are other researchers who conducted a 3D FEM based analysis 

on soil nailed walls. The focus of their work was on tunnelling using a 3D module 

of ABAQUS to simulate a tunnelling excavation with various nailing schemes. 

Through a parametric study, they investigated the effectiveness of the soil nails 

with different axial rigidities in minimising the ground movement and volume loss. 

As a conclusion of their work, Ng and Lee (2002) claimed that although higher 

axial rigidity can lead to a greater effect of reinforcing elements on limiting the 

deformations of a system, an optimum axial rigidity of the nails could be achieved. 

In fact, beyond this optimum value, no extra reinforcing effects of the soil nails can 

be induced. 

Research studies involving experimental works: A huge amount of studies have 

been reported on small and large-scale field studies of soil nailing systems. Some of 

these have been listed in Table 2-3. It should be mentioned that only studies 

performed after 1995 have been listed in this table. For a comprehensive review on 

the studies conducted before 1995 one can refer to Singh (Singh 2009). 
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Table 2-3 Small and large scale experimental studies on soil nailing system 

Research Type of Test Methodology 

Li et al.(2008) 
Full-scale test on a loose  

fill nailed slope with 5m height 

Monitoring the nailed slope 

performance for 6 months until it was 

test to failure 

Menkiti and Long 

(2008) 

Large scale soil nailing studies for 

a tunnel project in Dublin 

Field monitoring and instrumentation 

in the project 

Zhang (2006) Static and dynamic centrifuge models 

Performance of loose fill slopes and 

role of soil nails were studied on 

liquefaction conditions 

Morgan (2002) 
15 centrifuge models were tested 

 on sandy nailed slopes  

Monitoring the suction in the soil in 
addition to displacements and strains 

Yamamota et 

al.(2001) 

Large scale field study on nailed 

slopes with volcanic soil 

Field measurement carried out for 9 

months and compared with numerical 

results 

Kim et al.(1996) Large scale experimental study 
Data obtained from the tests 

compared with numerical results  

Kim et al.(1995) Small model tests  

Monitoring the nailed slope 

performance after applying load up to 

failure 

 

2.4.2 Anchoring	  

“Ground Anchors” or “tiebacks” are load-transferring systems that are firstly used to 

stabilize slopes. According to the FHWA definition (Sabatini et al. 1999), a 
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prestressed  grouted ground anchor is a structural element installed in soil or rock that 

is used to transmit an applied tensile load into the ground. Grouted ground anchors, 

referenced simply as ground anchors, are installed in grout-filled drill holes. 

Ground anchored systems are one of the Geo-support systems that have many 

advantages over other available methods. Firstly, compared to those traditional 

methods, which need a huge amount of concrete works (e.g. concrete gravity retaining 

walls), a ground anchored system is a cost effective and faster method in addition to 

the feasibility of its execution in a limited work space such as metropolitan areas. 

Furthermore, compared to its similar alternatives, such as soil nailing and micro piles, 

it has the benefit of limiting the deformations caused by an excavation in the slope. 

Indeed, soil nailing is a method that relies on the developed deformations due to the 

excavation whilst a ground anchor works based on a load transferring mechanism and 

the prestressed force that is applied on it. 

The main responsibility of an anchor is to carry the loads that are applied into the soil 

and consequently decrease the existing load. In order to perform this job three main 

components are involved: 1) anchorage, 2) free or un-grouted length (un-bonded 

length) and 3) grouted length (bonded length). Figure 2-13 shows these three elements 

plus other involving parts of an anchored system. 

Referring to Figure 2-13, an anchorage consists of three elements: anchor head, 

bearing plate, and trumpet used to transfer the prestressing load from the prestressed 

bar (strand) to the ground surface. The un-bonded length is the free portion of strand 

that can lengthen elastically and is used to transfer the loads from bonded part to the 

structure. The un-bonded length is covered with a plastic sleeve called a “bond 

breaker” in order to avoid bonding of this part to the surrounding grout and therefore 
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having an easy elongation without any blockage. Finally, the bonded part, which is 

covered with grout, transfers the applied tensile load into the ground and thereby 

stabilizes the sliding soil mass. In order to perform this action its length should be 

large enough to pass behind the critical failure surface.  

Littlejohn (1992) classified the anchors based on the method of grouting (see Figure 

2-14) and Bruce (1997) has presented detailed information on different methods of 

drilling including rotary, percussion, rotary/percussive, or auger drilling for each type 

of anchored systems. 

 

 

Figure 2-13 Components of anchored system (Sabatini et al. 1999) 
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Anchored systems have been applied in many different engineering projects such as 

highway retaining walls, slope and landslide stabilizations and tie-down structures as 

shown in Figure 2-15. 

 

 

Figure 2-14 Main types of grouted ground anchors (Littlejohn 1992) 
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Figure 2-15 Application of anchored systems in construction projects (Sabatini et al. 
1999) 

2.4.2.1 Design	  and	  Analysis	  of	  Ground	  Anchors	  

Similar to the previous discussion concerning design of soil nailing systems, a brief 

review of the basic concepts that should be understood before commencing the design 

phase of an anchored system is presented to introduce this topic. In the first place, the 

main purpose of an accurate design is to provide a stable mass of soil that can resist 

against different potential failure conditions. It also should restrict the deformations 

developed in the soil to an acceptable value. It is this that is the main difference 

between an anchored system and a soil nailed wall.  
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As guidance for the first design criteria, creating a resistant mass against different 

types of failure, these modes of failure have been illustrated in Figure 2-16. Sabatini 

et al. (1999) has described each of these modes of failure thoroughly and presented 

the appropriate solution to avoid them. 

 

Figure 2-16 Modes of failure in a ground grouted anchor system (Sabatini et al. 1999) 
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Different procedures related to design of ground grouted anchored systems have been 

discussed by some researchers such as Littlejohn (1990), Pearlman and Wolosick 

(1990) and Sabatini et al. (1999). Prior to discussing the different procedures that 

were determined by the above mentioned research studies, it should be noted that all 

of them concurred that there is no particular method of design that can cover all types 

of projects since different projects can adopt different kinds of construction 

techniques. The only important factor in design of such these structures is that the 

designer has a comprehensive knowledge about the in situ soil conditions, loading 

values and also the correct arrangement of anchors. 

For instance, Pearlman and Wolosick (1990) introduced the different steps in design 

of an anchored system as below; 

1) Geotechnical investigation 

2) Selection of the appropriate earth pressure diagram 

3) Calculation of horizontal reactions at anchors location and embedment joints 

4) Determination of developed shear and moment forces in vertical elements 

5) Global stability analysis and improvement of system based on results obtained by 

analysis 

The FHWA report (Sabatini et al. 1999) has also introduced a step by step design 

process which can be followed to achieve a reliable design (see Table 2-4).  

In addition to previously mentioned factors and steps of design, corrosion protection 

also is required to be considered in the design of anchored systems, and depending on 

the location of the project, different types of solutions might be adopted to control this 

important factor. 



   
 

71 

 

Table 2-4 Typical design steps for an anchored wall (Sabatini et al. 1999) 

Step.1 
Establish project requirements including all geometry, external loading conditions 

(temporary and/or permanent, seismic, etc.), performance criteria, and construction 

constraints. 
Step.2 Evaluate site subsurface conditions and relevant properties of in situ soil and rock. 

Step.3 Evaluate design properties, establish design factors of safety, and select level of 

corrosion protection. 

Step.4 

Select lateral earth pressure distribution acting on back of wall for final wall height. 

Add appropriate water, seismic and surcharge pressures and evaluate total lateral 

pressure.  A staged construction analysis may be required for walls constructed in 

marginal soils.  

Step.5 
Calculate horizontal ground anchor loads and wall bending moments. Adjust vertical 

anchor locations until an optimum wall bending moment distribution is achieved. 

Step.6 Evaluate required anchor inclination based on right-of-way limitations, location of 

appropriate anchoring strata and location of underground structures. 
Step.7 Resolve each horizontal anchor load into a vertical force component and a force along 

the anchor. 
Step.8 Evaluate horizontal spacing of anchors based on wall type. Calculate individual anchor 

loads. 
Step.9 Select type of ground anchor. 

Step.10 Evaluate vertical and lateral capacity of wall below excavation sub-grade. Revise wall 

section if necessary. 
Step.11 Evaluate internal and external stability of anchored systems. Revise ground anchor 

geometry if necessary. 
Step.12 Estimate maximum lateral wall movements and ground surface settlements. Revise 

design if necessary. 
Step.13 Select lagging. Design Walers, facing drainage system, and connection devices. 
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2.4.2.2 A	  Review	  on	  Previous	  Studies	  Related	  to	  Ground	  Anchors	  

Although not many studies on ground anchored systems have been performed 

recently (i.e. after 2000), much research work was reported in the literature during 

1970 to 2000. Most of these studies have focused on load transfer mechanism on 

different types of anchors and their result can be a great help in understanding the 

soil-anchor interaction. For further detail of these studies, one can refer to the work 

conducted by Barley (1997), Benmokrane et. al. (1995), Briaud et. al. (1998), Kim 

(2003), and Woods and Barkhordari (1997). 

There are also several studies that have used numerical tools in order to study the 

behaviour of ground anchored systems and amongst them one can refer to the work of 

Desai et al. (1986), Griffiths (1985) and Kim et al. (2007). 

2.4.3 Mechanically	  Stabilised	  Earth	  (MSE)	  Retaining	  Systems	  	  

A Mechanically Stabilised Earth (MSE) retaining system is a type of soil 

reinforcement in which planar elements made of either polymeric or metal material 

are used to reinforce the soil by inducing their own tensile strength through the soil. 

Indeed, developed displacement within the soil generates strains in the reinforcement 

leading to generation of tensile load in the reinforcement that can limit the soil 

movement and therefore increase the stability of the system. 

Generally, a MSE retaining system consists of three main components: backfill, 

reinforcement and facing element. Classification of a MSE retaining system and 

therefore its design and analysis procedure can be performed considering different 

factors such as type of reinforcement geometry, stress transfer mechanism, 

reinforcement material, extensibility of reinforcement material and the form of facing 

and its connections (Elias et al. 2001).  
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In terms of the form of reinforcement geometry, a MSE retaining structure can be a 

Linear Unidirectional (i.e. steel or geosynthetic stripes), Composite Unidirectional 

(i.e. grids or bar mats by grid spacing greater than 150mm) and Planar Bidirectional 

(i.e. continuous sheets of geosynthetics, welded wire mesh, and woven wire mesh by 

element spacing of less than 150mm). 

Considering the reinforcement material, a MSE wall can be made of either a metallic 

reinforcement or non-metallic reinforcement. A metallic reinforcement is usually a 

mild steel which is galvanised or epoxy coated and can also be classified as an 

inextensible reinforcement in which the deformation of the reinforcement at failure is 

much less than the deformability of the soil. Conversely, a non-metallic reinforcement 

is a polymeric materials consisting of polypropylene, polyethylene, or polyester and it 

can be also grouped as an extensible reinforcement in which the deformation of the 

reinforcement at failure is comparable to or even greater than the deformability of the 

soil. 

The type of facing and its stiffness can categorize a MSE wall into four different 

groups namely flexible, medium stiff, stiff and rigid. 

Similar to previously mentioned methods of soil reinforcement, MSE systems have 

been used widely in different projects including residences, highways, bridge 

abutments and slope stabilisation. It is known as a viable and cost effective method of 

reinforcement compared to traditional methods such as reinforced concrete or gravity 

walls. In particular, they are an economical method when there is a project 

construction on steep-sided land, a ground subjected to slope instability or in an area 

with poor foundation soil. 
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Figure 2-17 and Figure 2-18 show some aforementioned applications of MSE systems 

in construction projects. 

 

Figure 2-17 Application of MSE walls (Elias et al. 2001) 

Other projects such as temporary structures (e.g. for reconstruction of highways), 

dams and seawalls, and slopes for bulk materials storage are additional examples that 

have utilized the MSE systems successfully. 
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Figure 2-18 Application of MSE walls in urban areas (Elias et al. 2001) 

With reference to the superiority of MSE systems over conventional reinforced 

concrete and concrete gravity walls, one can refer to the following items as mentioned 

in the FHWA report (Elias et al. 2001); 
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1) Use simple and rapid construction procedures and do not require large construction 

equipment. 

2) Do not require experienced craftsmen with special skills for construction. 

3) Require less site preparation than other alternatives. 

4) Need less space in front of the structure for construction operations. 

5) Reduce right-of-way acquisition. 

6) Do not need rigid, unyielding foundation support because MSE structures are 

tolerant to deformations. 

7) Are cost effective. 

8) Are technically feasible to heights in excess of 25 m (80 ft). 

However, MSE retaining structures also have some negative aspects that can limit 

their use in some projects; First of all, they need a construction site with a large space, 

and secondly the backfill should be a granular soil in order to avoid the development 

of water pressure in the soil. Additionally, extra caution should be considered about 

corrosion of steel plates or deterioration of polymeric material that might be used in 

these systems. Finally and most importantly, due to the complex behaviour of soil-

reinforcement interaction, a real mechanism of these systems has not been 

comprehended completely, and therefore no definite standard is available for design 

and construction process of these systems. 

2.4.3.1 Design	  and	  Analysis	  of	  MSE	  Retaining	  Structures	  

Design and analysis of MSE retaining structures can be performed using different 

guidelines that have been published all around the world. For instance, in the United 

States, three main available specifications are the FHWA report (Elias et al. 2001), the 

AASHTO report (2002) and the NCMA report (1998). An overview of different 
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methods of design presented in different references has led to the conclusion that a 

complete design process should include the following steps (Elias et al. 2001): 

1) Working stress analysis: consisting of selection of reinforcement location and 

evaluation of local stability at each level of reinforcement 

2) Limit equilibrium analysis: to analyse the overall stability by checking the 

external, internal and combined stability 

3) Deformation evaluations: evaluation of predicted horizontal and vertical 

displacements in the structure 

Regarding the limit equilibrium analysis of MSE systems, two different procedures 

should be adopted depending on the extensibility or inextensibility of reinforcement. 

These differences have been illustrated in more detail in the FHWA report (Elias et al. 

2001). 

In terms of the External stability of MSE systems, similar to conventional gravity 

systems, four main failure criteria should be controlled including; sliding, 

overturning, bearing capacity and deep seated stability (see Figure 2-19). However, 

compared to conventional gravity systems, the necessary FoS can be smaller for MSE 

systems as the performance of these systems has been proven to be greater than 

conventional systems. 

 (a) Sliding (b) Overturning (eccentricity) 
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Figure 2-19 Potential external failure mechanisms in MSE retaining structures (Elias 
et al. 2001) 

Regarding design of MSE walls against both external stability and internal stability, a 

detailed process has been presented in the FHWA report (2001). Firstly, a 

computational step-by-step procedure to perform the design considering external 

stability has been provided as shown in Figure 2-20. 

(d) Deep seated stability (Rotational)  (c) Bearing Capacity 
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Figure 2-20 Computational step-by-step procedure for design of MSE walls against 
external stability (Elias et. al. 2001) 

 

Subsequently, as the next step of analysis and design for MSE retaining systems, 

internal stability analysis should be performed considering two main failure criteria: 

1) Failure by elongation or breakage of reinforcements: development of either 

excessive tensile load in extensible reinforcement or excessive shear load in 

inextensible reinforcement leading to failure of reinforcements. 

2) Pull out failure: exceeding the tensile load of reinforcement from the pull out 

resistance leading to reinforcement being pulled out of soil and becoming 

inefficient. 
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Therefore, in order to control the internal failure modes in a MSE retaining structure it 

is necessary to calculate the maximum tension and shear forces in the reinforcement 

and then compare the results with the available pull out and tension resistance in 

reinforcement. Consequently, the design procedure can be followed according to the 

flowchart presented be the FHWA report that as shown in Figure 2-21. 

 

Figure 2-21 Computational step-by-step procedure for design of MSE walls against 
internal stability (Elias et. al. 2001) 
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In addition to previously mentioned criteria, there are also some other factors that can 

affect the performance of a MSE retaining structure and therefore should be included 

in design of these systems. For some examples of these factors one can refer to traffic 

barriers, drainage systems and hydrostatic pressures. 

2.4.3.2 A	  Review	  on	  Previous	  Studies	  Related	  to	  MSE	  Retaining	  Structures	  

MSE retaining structures are one of the soil reinforcement methods that has been 

studied widely during the previous four decades and much data is now available to 

interpret the behaviour of these systems. The following paragraphs briefly present 

some of these studies according to the field of their work. 

Small scale tests on MSE systems have been performed by Lee et al. (1973) and Juran 

(1989). Since the small scale test is not capable of a sound modelling of existing 

stresses in the soil, some half and full scale tests have also been performed by 

Richardson et al. (1977) and Murata et al. (1994) 

With reference to seismic behaviour of the MSE systems, centrifuge modelling has 

been used to study these systems (e.g. Richardson and Lee (1975), Casey (1988), 

Sakaguchi (1996), Howard (1999) and Casey et al. (1991)). 

Finite element analysis has also been used to study the behaviour of MSE systems by 

several researchers such as Hird et al. (1990), Zornberg and Mitchell (1994), San et al. 

(1994), Lopes et al. (1994), Bathurst and Karpurapu (1995), Ling et al. (2000), 

Simonini et al. (2000) and Hatami (2005).  
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2.4.4 Other	  Methods	  of	  Slope	  Stabilization	  

In addition to the slope reinforcement methods mentioned in previous sections, there 

are also other measures to stabilize a slope that can be used depending on the 

condition of a project. Examples of these solutions are: 

- Unloading methods; Such as excavation and lightweight fills 

- Drainage; including surface drainage and subsurface drainage 

- Buttressing methods; such as counter-berms, shear keys and soil/rock fills 

- Retaining walls; including gravity walls, driven piles and drilled shaft walls 

- Vegetation 

A comprehensive discussion regarding each of above mentioned methods has been 

presented by Abramson et al. (1996). However, because the main focus of this current 

study is reinforcement methods for slope stabilization, this section is not extended on 

in this thesis. 

2.5 Residual	  Soils	  

Although a large amount of studies have been carried out on residual soils and their 

engineering properties, classification of these data is almost impossible due to the 

wide variety in test methods, soil types and soils formation. Therefore, this section 

summarizes some of these studies based on the focus area (e.g. general characteristics, 

engineering properties and residual soil slopes) and includes definitions and 

classification criteria. 

2.5.1 General	  characteristics	  of	  residual	  soils	  

Valuable information regarding the general characteristics of residual soils has been 

gathered by Wesley (2012). In his book, Wesley presents basic aspects of residual soil 

and those properties that should be considered by geotechnical engineers while 
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working with this type of soil. As his experience is about soils in Southeast Asian 

countries and New Zealand, a major focus in this book is on fully saturated clays of 

moderate to high plasticity. 

By remarking on some important characteristics of residual soils such as 1) being 

heterogonous, 2) having specific types of clay minerals and 3) having unusual forms 

of structure, Wesley concludes that in design of geotechnical structures on residual 

soil, engineers should give more attention to observation, experience and judgement, 

instead of just relying on analytical and theoretical parts of the problem. Moreover, he 

emphasises that application of e-log p graph for interpreting the behaviour of residual 

soils is meaningless, as the sedimentation process has not formed them. 

According to Townsend (1985), three main chemical weathering factors that can lead 

to production of residual soils are: 1) climate, b) parent rock’s minerals and c) 

topography. Effect of climate in weathering is obvious as the rainfall provides the 

required moisture for chemical reactions and then the temperature dictates the 

chemical reaction rate. Considering these two components, the best climate in which 

weathering can occur, and therefore residual soils can be found is tropical weather. 

The role of parent rock in the weathering process is only predominant in initial stages 

of weathering and topography can influence the weathering procedure by controlling 

the surface run off and therefore moisture content of soil, and also by rate of erosion 

(Townsend 1985). 

Chin and Sew (2001), presented a seminar paper regarding the determination of shear 

strength in residual soil slopes, in which they highlighted the main traits of residual 

soils as very heterogeneous with high permeability. By introducing the weathering 

profile table (see Table 2-5) prepared by the Geotechnical Engineering Office (GEO) 
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of Hong Kong (GEOGUIDE-7 2008) they recommended the use of such tables in 

slope stability analysis, as it is important information in these problems. They 

summarized the importance of weathering profiles with regards to its role in control 

of 1) potential failure surface and mode of failure 2) groundwater hydrology and 3) 

the erosion characteristics of material. 

Another important recommendation brought by Chin and Sew (2001) was paying 

attention to the size of specimen in tri-axial testing of residual soils making the point 

that the specimen diameter should not be less than 70mm in order to be a real 

representative of in situ soil. 
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Table 2-5 Material classification based on weathering grade (GEOGUIDE-7 2008) 

Descriptive 

Term 
Grade General Characteristics 

Residual Soils VI 
- Original rock texture completely destroyed. 

- Can be crumbled by hand and finger pressure. 

Completely 

Decomposed 
V 

- Rock wholly decomposed but rock texture preserved. 

- No rebound from N Schmidt hammer. 

- Can be crumbled by hand and finger. 

- Easily indented by point of geological pick. 

- Slakes when immersed in water. 

- Completely discoloured compared with fresh rock 

Highly 

Decomposed 
IV 

- Rock weakened and can be broken by hand. 

- Positive N Schmidt rebound value up to 25. 

- Makes dull sound when struck by hammer. 

- Geological pick cannot be pushed into surface. 

- Does not slake readily in water. 

- Hand penetrometer strength index greater than 250kPa. 

- Individual grains may be plucked from surface. 

- Completely discoloured compared with fresh rock. 

Moderately 

Decomposed 
III 

- Usually cannot be broken by hand but easily broken by 

geological hammer. 

- N Schmidt rebound value 25 to 45. 

- Makes dull or slight ringing sound when struck by 

hammer. 

- Rock material not friable. 

- Completely stained throughout. 

Slightly 

Decomposed 
II 

- Not broken easily by geological hammer. 

- N Schmidt rebound value greater than 45. 

- Makes ringing sound when struck by hammer. 

- Strength approaches that of fresh rock. 

- Fresh rock colours generally retained but stained near 

joint surface. 

Fresh Rock I 

- No visible signs of weathering, not discoloured. 

- Not broken easily by geological hammer. 

- Makes ringing sound when struck by hammer. 
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2.5.2 Engineering	  properties	  of	  residual	  soils	  

Townsend (1985) also investigated the engineering properties of three different types 

of residual soil, namely Lateritic Soils (highly weathered reddish tropical soils), 

Allophanic Soils (derived from volcanic ash) and Black Soil (or dark clays). Table 2-6 

presented by Townsend (1985) shows the shear strength parameters for these above-

mentioned soils that had been obtained in previous studies. 

Table 2-6 Strength parameters for different types of residual soils (Townsend 1985) 

Soil Type & Location φ’ (°) c’ (kPa) Reference 

Lateritic gravels, Africa 37.5 0-40 Horn (1982a) 

Lateritic clays, Africa 22.5 0-100 Horn (1982a) 

Lateritic soil, Panama 38 0 Townsend (1970) 

Granitic laterite soil, 

Venezuela  21.5 20 Pursza (1983) 

Granitic laterite, Brazil 31 0 Vargas (1953) 

Andosol, Java 36 24 Wesley (1974) 

Black clay, Cameroon 6.1-20.1 47-58 Horn (1982b) 

 

Loganathan et al. (1992) suggested a correlation factor for shear strength of residual 

soil in order to achieve more accurate results. This correlation factor can be applied 

into the laboratory shear strength of a specific type of residual soil that has been 

obtained by specific method of sampling and testing. For instance, the samples should 

be saturated under an effective stress of 10kPa and shear strength parameters should 
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be determined using multistage consolidated undrained triaxial tests using a strain rate 

of 0.05% per min. 

Nithiaraj et al. (1996) carried out a case study on residual soils located in Malaysia 

and found a linear relationship between undrained shear strength and the number of 

Standard Penetration Tests (SPT) for these soils with different degrees of weathering 

(see Figure 2-22). Figure 2-22 shows how the approximate value for shear strength of 

a residual soil can be found by having the SPT result. They also concluded that the 

linear relationship between undrained shear strength and SPT presented by Terzaghi 

and Peck (1976) can be used for their three cases of residual soil with three different 

grades of weathering. 

 

Figure 2-22 Variation of undrained shear strength with SPT N for weathered Schist in 
Malaysia, Nithiaraj et al. (1996) 
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Coutinho et al. (2000) carried out a project to investigate the instability problems of a 

road constructed in Brazil after the occurrence of a landslide in a natural non-

homogenous unsaturated residual soil slope of this road. As part of this project, field 

exploration and subsurface exploration was carried out with activities including 

review of the topographic profile of cross sections, engineering-geologic mapping, 

performing SPT and Rock Quality Designation (RQD) tests for the insitu soil and 

rock, vertical trenches, soil moisture content profiles, field instrumentation 

(piezometer), and sampling in soils and in rocks. As a result of an intensive laboratory 

investigation, geotechnical parameters of residual soil were obtained as shown in 

Table 2-7. 

Table 2-7 Strength parameters of residual soil obtained by conventional direct shear 
test, (Coutinho et al. 2000) 

Soil Type Depth (m) Test condition φ’ (°) c’ (kPa) 

Mature 
Residual 

0.75 
Submerged 31.9 10.8 
Nat. M.C. 41.6 71.4 

Young 
Residual 

8.70 
Submerged 29.3 2.8 
Nat. M.C. 29.5 7.0 

Mature 
Residual 

1.9 
Submerged 35.5 0.0 
Nat. M.C. 37.8 15.8 

Young 
Residual 

4.6 
Submerged 30.3 0.0 
Nat. M.C. 31.2 38.3 

 

Azevedo et al. (2002) conducted extensive laboratory work on undisturbed samples of 

residual soils and used the results of these tests in modeling the behavior of residual 

soils with a non-associated elasto-plastic model in finite element analysis of a tunnel 

excavation. Afterward, they compared the results of numerical analysis with both 

empirical predictions and field instrumentations and as a conclusion they proposed 

coefficients that can be used in numerical simulation of tunnel construction stages in 
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residual soils. Table 2-8 shows the summary of the soil properties that they used in the 

modeling of residual soil. 

Table 2-8 Geotechnical parameters for residual soil used in research by Azevedo et al. 
(2002) 

Property 
Residual red clay Residual variegated clay 

3.5m 6.5m 9.5m 12.5m 

W (%) 41.5 41.0 36.5 37.1 

e 1.62 1.52 1.04 1.02 

Sr (%) 69.6 72.4 92.2 96.8 

ϒsat (kN/m3) 14.4 14.7 17.2 17.8 

Gs 2.72 2.68 2.63 2.65 

LL 78.8 73.8 89.5 90.8 

IP 29.3 25.7 42.1 43.4 

σpc (kPa) 127.5 196.0 760.0 814.0 

 

A series of examinations were conducted by Rahardjo et al. (2004) in Singapore to 

specify the relationship between the degree of weathering and soil behaviour in 

residual soils. As a result, they found that the higher the degree of weathering is, the 

more pore volume is, which means a larger range of pore-size distribution. Therefore, 

variation in pore volume and pore-size distribution can be used to determine the 

variation of weathering with depth. 

As part of their work, they took samples from different depths corresponding to 

different degrees of weathering and conducted consolidated, drained triaxial 

compression tests under both saturated and unsaturated conditions in order to 

determine shear strength of the residual soil. Table 2-9 shows the summary of data 

that they found as a result of the above-mentioned tests. 
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Table 2-9 Shear strength parameters of residual soil of Singapore obtained by 
Rahardjo et al. (2004) 

Soil Type Depth (m) Grade of 
Weathering 

φ’ (°) c’ (kPa) 

Granitic Bukit Timah formation 
Sandy Silt 5-9 VI 27 26 
Silty Sand 10-15 V 35 13 
Silty Sand 15-21 V 38 12 
Sedimentary Jurong formation 
Purple silty sand 3-4 IV 42 125 
Purple silty sand 4-5 IV 51 55 
Orange silty sand 9-10 IV 45 35 
Purple silty sand 22-24 III 50 225 

 

Rahman et al. (2005) performed a testing program on reinforced and unreinforced 

residual soil samples by considering six different stress strain paths. They then 

introduced parameters related to the Cam Clay model in simulating the finite element 

analysis of reinforced residual soil, and as a result found a good agreement between 

the result of their numerical simulations and measured response. 

Ogunro et al. (2008) presented the geotechnical properties of Piedmont residual soil, 

on which some major cities and centers in the east coast of U.S. are founded, resulting 

from the chemical and mechanical weathering of Piedmont Palezoic Rocks (schist, 

gneiss, and granite). 

Table 2-10 shows a sample of results from a Borehole Shear Test (BST) and CU 

triaxial test in a site located in North Carolina. 
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Table 2-10 Sample of result from BST and CU triaxial test for Piedmont residual soil, 
Ogunro et al. (2008) 

Borehole# Depth 
(m) 

Borehole Shear Test 
(BST) CU triaxial Test 

φ’ (°) c’ (kPa) φ’ (°) c’ (kPa) 

1 
10 45 0 29 5.9 
15 43 0 37 11 
20 40 9.65 41 0 

2 

5 44 0 30 24.1 
10 23 7.9 30 18.3 
15 40 0 36 14.1 
20 42 6.9 29 20 

 

In their other paper, Anderson and Cottingham (2009) introduced the average values 

for cohesion (c ) and friction (φ) of Piedmont residual soil equal to 26.9 kPa and 26.3 

degrees, respectively. 

Huat et al. (2012) collected lots of data and in their book, presented an overview of 

the index and engineering properties of some tropical residual soils. Based on their 

findings, values for some index properties in residual soils vary from 7 to 49% for 

moisture content, 25 to 107% and 15 to 59% for Liquid Limits and Plastic Index 

respectively, and 1.2 to 2.1Mg/m3 for bulk density. In soil classification, there is a 

range of 5 to 67% clay, 2 to 43% silt and 5 to 69% sand content.  

More importantly, they showed that soil strength ranges from 2kN/m2 to 123kN/m2 

for cohesion and 10 to 58 for internal friction angle. They related this large range of 

variety to the great difference of soil formation in residual soils.  

Wesley (2012) has dedicated a full chapter of his book to shear strength of residual 

soils and in this chapter he presents the reasons for the existence of high shear 

strength in these soils. For instance, existence of clay minerals in residual soils is the 
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main factor in having a high strength. Microstructural effect and its contribution to the 

cohesive component of shear strength (c) is also presented as another reason. 

2.5.3 Slope	  stability	  on	  residual	  soils	  

There are several studies that have been performed to study the stability of slopes in 

residual soil areas in different parts of the world and the following paragraphs 

provides a brief overview of some of these studies. 

One important part of work carried out by Coutinho et al. (2000), which has 

previously been introduced in Section 2.5.2, is the stability assessment of mentioned 

residual slopes performed in two steps: flow analysis for conditions just before 

failure, and slope stability analysis by LEM. They also performed a back analysis in 

order to find the shear strength parameters of residual soil that can lead to the slope 

failure. As a result they concluded that shear strength parameters obtained from 

laboratory tests could explain the failure condition (FoS=1) by considering a low or 

very low amount of suction in wet season. 

They also introduced several factors as the impacting factors on the landslide 

including excavation for the purpose of road construction, severe rainfalls and 

prolonged high precipitation. 

Tan et al. (2008) carried out a parametric study on stability analysis of residual soil 

slopes in Malaysia and investigated the effect of several factors such as slope 

geometry, soil parameters, piezometric surface, surcharge and soil nailing 

reinforcement on the tropical residual soil slope stability. However, the summary of 

their work does not show any sign of considering specific characteristics for residual 

soil, and therefore, residual soil has been treated and analysed in the same way that 

sedimentary soil is examined. 
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Another important study on residual soil slopes is a section of Huat et al.’s book 

(2012) on failure of 6 slopes (including natural, man-made and filled slopes) on 

tropical residual weathered soil located in different parts of Malaysia. As a result of 

this study they recommended the use of a Consolidated Isotropically Undrained (CIU) 

triaxial test in obtaining the peak shear strength and use of a ring shear test to find the 

residual shear strength. Additionally, they suggested the use of residual strength in 

residual soil slope stability design. 

In addition to above mentioned studies, Wesley (2012) also discusses slope stability 

on residual soils and summarises some significant characteristic of slopes on these 

type of soils: 

a) More steeper stable slopes (compared to sedimentary soils) 

b) Mostly, with shallow slightly curved or even planar slip surface 

c) Significant role of cohesion component in keeping the slope stable 

d) Lower difference between peak strength and residual strength (compared to 

sedimentary soils) 

e) Negative effect of discontinuities in slope slippage 

f) Severe limitation of analytical methods in slope stability assessment of 

residual soils due to poor accuracy in finding the shear strength and slippage 

condition 

g) Having a high permeability and its negative effect on slope stability by 

changing the shear strength parameters of soil frequently 

In addition to the previously discussed studies, other aspects of stability in residual 

soils have also been examined. For example, Akturk et al. (2008) conducted a study 

on the undrained stability of residual soils in karst and provided a dimensionless 
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stability chart in order to evaluate the stability condition of a residual soil site in 

which there may be some subsurface voids.  

 

2.6 Summary	  and	  Research	  questions	  	  

A fundamental review of basic concepts related to this thesis was provided in this 

chapter and it covering three main issues: shear strength in the soil and its appropriate 

parameters in different conditions, different methods of slope stability analysis, and 

different methods of slope reinforcement. 

One important conclusion about the previous studies on slope stabilization, is the fact 

that although some of these have focused on residual soils and specifically on soil 

nailed walls based in residual soil, there is not enough evidence available to show the 

effect of different parameters including soil strength, soil stiffness and also modelling 

assumptions in a numerical simulation on wall deformation, structural forces, nor to 

sum up on the results of analysis. 

In an effort to address the limitations of previous studies, this thesis seeks to address 

the following questions: 

- What are the main properties of residual soils that are important in analysis and 

design of a reinforced wall? 

- Which methods and software can be used effectively in slope stability assessment 

of reinforced walls? 

- What is the difference between LEM and SRM as two different methods of 

analysis for slope stability assessment and how much are the results obtained by 

these two methods compatible? 
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- What is the effect of soil strength parameters on the FoS obtained by LEM in slope 

stability assessment and which parameter plays a more important part in this 

regard? 

- In using PLAXIS, as a tool for applying the SRM in slope stability assessment, 

which types of data are needed and what is the effect of different modelling 

conditions on the results of analysis? 

- What is the effect of soil parameters on the output of numerical analysis obtained 

by SRM in slope stability assessment and which parameter plays a more important 

part in this regard? 

- What are some other important considerations that need to be examined in the 

slope stability of residual soil and that could guide further research? 
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3 Research	  Methodology	  

3.1 Introduction	  

This chapter presents the basic methodology that has been employed in order to 

achieve the goals of the current PhD thesis. First, a description of how the 

geotechnical parameters of residual soil have been selected will be provided and then, 

selection of important parameters for the nailed wall will be introduced. A brief 

summary is then given for the soil model that has been used in the parametric studies 

and finally the geotechnical software that has been used for the purpose of this work 

will be introduced. Figure 3-1 illustrates the procedures used to complete this study. 

This chapter provides an explanation of Step 2. 

3.2 Residual	  Soil	  Parameter	  Selection	  

Selection of parameters for residual soil is an important step that needs to be 

undertaken prior to the start of the numerical analysis. It can be divided into two main 

tasks: first, assumption of strength parameters of residual soil (cohesion and friction 

angle) and second, other parameters that are required for numerical modelling such as 

Elasticity modules (E), Poisson’s ratio (ν) and unit weight (γ) of residual soil. The 

following paragraphs explain how these parameters were selected for the purpose of 

numerical modelling. 
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3.2.1 Selection	  of	  strength	  parameters	  for	  residual	  soil	  

One important point that can be concluded from the previous studies on residual soils, 

presented in Section 2.5, is that almost all types of the residual soils that have been 

studied possess a relatively high value of friction angle (φ) with a minimum record of 

20 degrees and average value of 35 degrees.  

Unlike friction angle, cohesion of residual soils has shown a wide range of values in 

different studies from zero to very high values near to 200kPa in deeper distances 

from ground level. This important fact demands crucial attention to the impact of 

cohesion on stability of residual soil slopes.  

For the purpose of strength parameter selection for residual soil, a summary for the 

range of data that has been obtained and suggested for residual soil’s strength 

parameters (cohesion and friction angle) is presented in Tables 3-1 and 3-2 based on 

information provided in Section 2.5.2. These two tables are invaluable in finding an 

appropriate range for the cohesion and friction angle of residual soil that should be 

assumed in numerical analyses as the data has been sorted numerically for each value. 

Based on data presented in Table 3-1, the most appropriate and probable value range 

that can be considered for the friction angle (φ) of residual soil would be between 20°-

45° and in order to cover this range of data properly, an increment of 5 degrees was 

assumed in the numerical analysis procedure for the stability analysis of soil nailed 

wall. 

For the assumption of cohesion value of residual soil, data presented in Table 3-2 

proves that a range of 0 to 100kPa is an acceptable range that can be used in 

numerical analysis. Similar to the assumption of friction angle, an increment of 5kPa 

was considered for a good coverage in this range. 
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Table 3-1 Reported data for friction angle of different residual soils 

Soil Type 
Friction Angle (°) 

φ  
Reference 

Black clay 6.1-20.1 Horn (1982b) 

Granitic laterite soil 21.5 Pursza (1983) 

Lateritic clays 22.5 Horn (1982a) 

Granitic Sandy Silt 27 Rahardjo et al. (2004) 

Young residual soil 29.3-31.2 Coutinho et al. (2000) 

Piedmont residual soil 29-41 Ogunro et al. (2008) 

Granitic laterite 31 Vargas (1953) 

Mature Residual soil 31.9-41.6 Coutinho et al. (2000) 

Granitic Silty Sand 35-38 Rahardjo et al. (2004) 

Andosol 36 Wesley (1974) 

Lateritic gravels 37.5 Horn (1982a) 

Lateritic soil 38 Townsend (1970) 

 

Therefore, in order to perform the parametric study, specific number of values (i.e. six 

different cases for the purpose of LEM analysis SRM analysis) were assigned to the 

friction angle of the residual soil, whilst the value of cohesion was assumed in wide 

range from 0 to 100kPa with the increments of 5kPa. The effect of these different 

values on the stability of nailed walls in residual soils was then investigated. 

It should also be noted that the cohesion and friction angle that are used in this study 

are those obtained from drained conditions. Chapter 4 and Chapter 5 present details of 

slope assessment and results of LEM and SRM analysis performed by two 

geotechnical software for the above-mentioned cases. 
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Table 3-2 Reported data for cohesion of different residual soils 

Soil Type 
Cohesion (kPa) 

C  
Reference 

Lateritic soil 0 Townsend (1970) 

Granitic laterite 0 Vargas (1953) 

Piedmont residual soil	   0-‐24.1	   Ogunro et al. (2008)	  

Lateritic gravels	   0-40	   Horn (1982a)	  

Lateritic clays	   0-100	   Horn (1982a)	  

Young residual soil	   7-38.3	   Coutinho et al. (2000)	  

Granitic Silty Sand 12-13 Rahardjo et al. (2004) 

Mature Residual soil 15.8-71.4 Coutinho et al. (2000) 

Granitic laterite soil 20 Pursza (1983) 

Andosol 24 Wesley (1974) 

Granitic Sandy Silt 26 Rahardjo et al. (2004) 

Black clay	   47-58	   Horn (1982b)	  

 

3.2.2 Selection	  of	  other	  properties	  for	  residual	  soil	  	  

In addition to soil strength parameters (cohesion and friction angle), another property 

of residual soil that needs to be assumed prior to start of numerical analysis with SRM 

is the Elasticity Modules (E) of residual soil. In order to have a realistic input data for 

this parameter Table 3-3 taken from Bowles’s (1997) is useful in this regard. Data 

presented in the table is the value range of static stress-strain modules (Es) for 

different types of soils (clay, sand and silt) and shows that assuming the value of E in 

the range of 0 to 100MPa in numerical modelling of a soil nailed wall would be 

appropriate in order to cover a vast range of soils. 
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Table 3-3 Value range for the static stress-strain modules, (Es) for selected soils 
(Bowles 1997) 

Soil Es , MPa 

Clay  

  Very soft 2-15 

  Soft 5-25 

  Medium 15-50 

  Hard 50-100 

Sand  

  Silty 5-20 

  Loose 10-25 

  Dense 50-81 

Silt 2-20 

 

Poisson’s Ratio (ν) of the residual soil is another parameter needed for numerical 

modelling and this parameter was selected equal to the fixed value of 0.35 in all of the 

models. As proof that this selected value is an acceptable realistic value for Poisson’s 

ratio, Table 3-4 presented in Bowles’s (1997) has been referred to below. 

Table 3-4 Values or value ranges for Poisson’s ration, ν (Bowles 1997) 

Type of Soil Poisson’s Ratio (ν) 

Clay, saturated 0.4 – 0.5 

Clay, unsaturated 0.1 – 0.3 

Sandy clay 0.2 – 0.3 

Silt 0.3 – 0.35 

Sand, gravelly sand -0.1 – 1.00 

  commonly used 0.3 – 0.4 

Rock (depends somewhat on type of rock) 0.1 – 0.4 
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The next parameter that is required to be assumed in numerical analysis of a soil 

nailed slope is the unit weight of soil and for this purpose the fixed value of 20 kN/m3 

was assumed based on experience. It is also in good agreement with the findings 

obtained by Kong and Yang (1998). 

3.3 Selection	  of	  parameters	  for	  soil	  nailed	  walls	  

Although the geometrical properties of nailed wall model (e.g. slope height, slope 

angle, nail length and angle) were similar for both types of analyses used in the 

current work (LEM and SRM analysis with FEM), different assumptions were needed 

to be considered for each type of analysis. In other words, LEM analysis needs 

different data to be completed compared to SRM analysis with FEM as, for example, 

whilst the amount of thickness and bending resistance of facing is important in SRM 

analysis with FEM, it is not needed in LEM analysis.  

Therefore, details related to modelling of soil nailed wall for each different type of 

analysis will be given in the chapter specific to that analysis; Chapter 4 provides 

details of the parametric study based on the LEM analysis and use of Geotechnical 

software SLOPE/W, and Chapter 5 summarizes the modelling assumptions 

considered in the SRM analysis with Finite Element software PLAXIS. 

3.4 Modelling	  the	  soil	  behaviour	  by	  Mohr-‐Coulomb	  Model	  

The Mohr-Coulomb model is the first choice for soil behaviour modelling in any 

simulation unless the condition of the problem is somehow clear in such a way that a 

few more additional parameters can be introduced to the software for modelling any 

other advanced soil model. Therefore, using the Mohr-Coulomb model to show the 

behaviour of soil means that the minimum number of parameters is needed in 

comparison with other soil models and as a result the time of calculation would be 
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less than others. However, there are some limitations in using the Mohr-Coulomb 

model which will be discussed in following paragraph (PLAXIS 2006). 

Firstly, it should be noted that the Mohr-Coulomb model is an elastic- perfectly 

plastic model (see Figure 3-2) which means that yield surface is fixed and 

independent of any plastic strains. Secondly, stiffness in this model is not affected by 

the pressure and therefore, it does not reflect the real conditions that happen for most 

in-situ soils. Moreover, it cannot consider the viscous property of soils which can be 

very important in some types of soils such as soft clays and pits. 

 

Figure 3-2 Stress-Strain relationship for Mohr-Coulomb model (Singh 2009) 

Regarding the parameters required for the Mohr-Coulomb (MC) model, 5 main 

parameters should be available for the input of the analysis, namely: 

ü Young modulus (E): The basic soil stiffness modulus in the MC model 

ü Poisson’s ratio (ν): ν is commonly adopted in the range between 0.3 and 0.4 

for loading conditions and 0.15-0.25 for unloading conditions. 
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ü Dilatancy angle (ψ): for clayey soils, ψ is usually considered as zero, and for 

sandy soils it is approximately equal to “φ - 30◦ ”. 

ü Shear Strength parameters of soil (cohesion, c and friction angle, φ): these 

two parameters were discussed in Section 2.2 of Chapter 2 in detail. 

As can be seen from above descriptions, the MC model can be introduced by five 

simple data available in almost all projects as the minimum requirement of an 

engineering design. As a consequence, by assuming this model for soil behaviour, one 

can analyse a problem in the shortest time and also the general pattern for 

displacements can be obtained in an easy way. 

3.5 Computer	  Programs	  Used	   for	  Numerical	  Analysis	  of	  Reinforced	  

Slopes	  

3.5.1 SLOPE/W	  

SLOPE/W, one component of a complete suite of geotechnical products called Geo- 

Studio, was initially developed in the 1980’s and currently is being used by thousands 

of professionals both in practice and in education. Although, using the SLOPE/W as 

one component of a complete suite (Geo-Studio) leads to an increase in the capability 

of this program, it also can be used separately as an individual product and 

exclusively to solve the problems related to slope stability analysis in soil and rock 

(Krahn 2004). 

Despite the fact that SLOPE/W is not as complex and useful as other geotechnical 

software such as FLAC and PLAXIS, it has its own advantages and due to its 

simplicity and rapid process of analysis has become one of the most applicable 

software that is practically chosen by geotechnical professional in order to solve a 

wide range of problems. Additionally, it should be noted that although SLOPE/W has 
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not been designed to analyse reinforced slopes, it has a feature allowing the user to 

add different types of reinforcements such as nails, pre-stressed anchors and plane 

strips (Krahn 2004). 

One of the important characteristics of SLOPE/W is the method of analysis for 

solving the problem based on methods of slices in LEM and not the finite element or 

finite different solutions. Consequently, the results obtained by this software can only 

show the FoS for slope stability and does not provide any information about 

displacements during the failure. Table 3-5 shows different methods of slices that can 

be chosen to analyse the slope stability in SLOPE/W, and the related equations that 

will be satisfied by each method (Krahn 2004). 

As can be seen in Table 3-5, several different methods have been presented in 

SLOPE/W and the user can choose the one which is more appropriate to the specified 

problem. In addition, one can also assume different shapes for slip surface leading to a 

trial solution that gives the lowest FoS. This is still one of the key issues in all limit 

equilibrium techniques. Therefore, one should note that using SLOPE/W for solving a 

geotechnical problem requires realistic guidance from the user based on true data for 

soil and other structural components, as well as the shape and location of slip surface, 

as the obtained results can be affected by all these initial assumptions. 

To sum up, after considering all above mentioned advantages and disadvantages that 

can occur through the application of SLOPE/W, was concluded that this software was 

appropriate for the purpose of this project as it can give a realistic comparison 

between the FoS obtained by finite elements/difference method and limit equilibrium 

methods. Moreover, its application is easy and fast to learn which makes it possible to 

use this software for a huge number of parametric studies. 
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Table 3-5 Different Methods of analysis in SLOPE/W and satisfied equations for each 
method (Krahn 2004) 

Method Moment Equilibrium Force Equilibrium 

Ordinary or Fellenius Yes No 

Bishop’s Simplified Yes No 

Janbu’s Simplified No Yes 

Spencer Yes Yes 

Morgenstern-Price Yes Yes 

Corps of Engineers-1 No Yes 

Lowe-Karafiath No Yes 

Janbu-Generalized Yes Yes 

Sarma-Vertical Slices Yes Yes 

 

3.5.2 PLAXIS	  

PLAXIS is a geotechnical software that applies the finite element method to analyse 

the deformation and stability of different geotechnical structures such as excavations, 

foundations, embankments and tunnels. It can provide both 2D and 3D analysis for 

these types of structures, and most importantly, it can consider both simple soil 

models, such as Mohr-Coulomb, and advanced constitutive soil models for the 

simulation of nonlinear time-dependent behaviour of soils (PLAXIS 2006). 

Based on its manual, some important features of PLAXIS can be summarized as 

below (PLAXIS 2006); 
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1) Graphical input of geometry models: the input of soil layers, loads, construction 

stages, water level and etc. can be done using the convenient drawing procedures 

which leads to an accurate and detailed modelling of real situations. 

2) Automatic mesh generation: a finite element mesh will be automatically 

generated on the input geometry. 

3) High order elements: in addition to the 6-node triangular elements, 15-node cubic 

strains triangular elements are also provided in PLAXIS for simulation of more 

accurate failure modes. 

4) Beams: bending elements can be modelled in PLAXIS easily by using this feature 

which can be especially useful in simulation of projects involving retaining walls 

or tunnel linings. 

5) Interfaces: the interaction between soil and structures can be modelled and added 

to the problem by using this feature. This is especially important for the purpose of 

this research work as one of the most important parts of a slope reinforcement 

problem is the accurate modelling of interaction between soil and reinforcing 

elements. 

6) Anchors and Geotextiles: PLAXIS has self-defined elements for anchors and 

Geotextiles that can help modelling these elements rapidly. 

7) Different soil models: as mentioned before, PLAXIS offers a variety of soil 

models such as Mohr-Coulomb, Cam-Clay (Soft Soil model) and Hardening soil. 

8) Pore pressure conditions: PLAXIS can simulate both steady state and excess pore 

water pressure which is useful in mimicking drained and undrained conditions. 

9) Staged construction: this feature is also very valuable in this project as realistic 

modelling of slope reinforcement projects requires true modelling of construction 

stages. 
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10) Factor of safety: calculation of FOS in PLAXIS is based on its soil mechanic 

definition (the ratio of available shear strength to the minimum shear strength 

needed for failure) which is more appropriate for solving geotechnical problems.  

It is worth noting that PLAXIS uses the Strength Reduction Method (SRM) in order 

to analyse the deformation and stability of reinforced slopes. The SRM and its 

application in slope stability analysis problems has been discussed in depth previously 

in Chapter 2. 

Considering all above mentioned features explains the use of PLAXIS for the current 

project as the first option. It was expected that using this software would lead to 

accurate results which hopefully would be similar to the results obtained from real 

projects. 

3.6 Summary	  

A brief description of methodology of the current study was presented in this section. 

Further details are presented in the following chapters. The main parts of the work 

carried out in order to perform the parametric study were introduced as: selection of 

geotechnical properties of residual soil, selection of modelling parameters for nailed 

wall, soil model and geotechnical software that were used to perform the analyses. 

As a result of this process, identification of key factors required for numerical analysis 

of soil nailed walls in residual soil was achieved and it was used to inform work as 

presented in Chapters 4 and 5. 
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4 Slope	  Stability	  Analysis	  of	  Soil	  Nailed	  Walls	  Using	  LEM	  

4.1 Introduction	  

In this chapter, details are given regarding a parametric study of a soil nailed slope in 

residual soil by using SLOPE/W software. The analysis procedure that is taken by 

software SLOPE/W is based on LEM and more information about LEM and the 

software SLOPE/W has been presented in Sections 2.3.1 and 3.5.1. The following 

paragraphs show in brief the analysis methodology and discuss the results of analysis.  

4.2 Analyses	  Methodology	  

The parametric study performed in this section consists of two main steps. The first 

step is the assumption of several models for appropriate soil nailed slopes with 

reasonable data for geometry, soil parameters and nailing properties. The second step 

is analysis of the soil nailed slope by using SLOPE/W for each case assumed in the 

first step. These two steps will be discussed in more detail in the following sections. 

4.2.1 Assumption	  of	  appropriate	  parameters	  for	  model	  

In the selection of residual soil property, direction can be taken from the previous 

studies discussed in Section 2.5.2. One important point that can be concluded from 

these studies is that almost all types of the residual soils that have been studied 

possess a relatively high value of friction angle (φ) with a minimum record of 20 

degrees and average value of 35 degrees.  

Unlike friction angle, cohesion of residual soils has shown a wide range of values in 

different studies from zero to very high values near to 200kPa in deeper distances 

from ground level. It should be noted that the cohesion and friction angle that are used 

in this study are those obtained from drained conditions. 
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Therefore, based on the information provided in Section 3.2.1, a range of data from 20 

degrees to 45 degrees will be considered for the friction angle of the residual soil with 

increments of 5kPa, to provide a good coverage for this range.  These friction angles 

are commonly encountered in actual soil nailed wall design and construction. 

This assumption led to the modelling of six different cases with six different values of 

friction angle: Case-I: φ=20°, Case-II: φ=25°, Case-III: φ=30°, Case-IV: φ=35°, Case-

V: φ=40°, Case-VI: φ=45°. These six different cases were modelled in SLOPE/W in 

order to investigate the effect of different values of cohesion in each case on the 

stability of nailed slopes in residual soils.  

Similar to the assumption of friction angle, selection of a range for cohesion (to be 

studied for each case) was based on the information discussed in Section 3.2.1, which 

led to changing the value of residual soil’s cohesion from 0 to 100kPa with the 

increments of 5kPa in order to achieve an acceptable coverage through this changing 

span. Similar values of c and φ were also reported by various authors (Atkinson and 

Sallfors 1991, Potts 2002, Brinkgreve 2005) for soils. 

Geometrical properties of the soil nailed wall are shown in Figure 4-1. The slope 

height, slope angle, nail length and angle have been selected based on experience and 

data provided in the literature (see Table 2-2) in order to simulate a typical soil nailed 

wall. 

4.2.2 Modelling	  of	  the	  nailed	  wall	  

Geometrical properties of slopes and general properties of soil nails were identical for 

all six cases (see Figure 4-1). As shown in Figure 4-1, a typical 8m high soil nailed 

wall was modelled and reinforcement with two rows of nails with a length of 7m, 

angle of 15° and horizontal space of 2m were considered in the stabilization of the 
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slope. The hole diameter for the nails was 150mm and the nail diameter is 28mm. The 

values for the above-mentioned parameters are in accordance with typical cases that 

have been studied previously introduced in Table 2-2. For example, as discussed in 

Kim’s paper (Kim et al. 1997), the nail’s diameter and hole diameter were 25mm and 

200mm respectively for the soil nailed wall in Seattle, Washington and these values 

are close to what have been assumed in this work. Also, angle of nails to horizontal 

line in the mentioned example is 15 degree and horizontal spacing of the nails are 

1.8m which is also close to the value chosen in this work. Values for nails length and 

vertical spacing were chosen in a way to assure that nails are playing a role in stability 

of the wall and it is proven by comparing the FoS of the nailed wall with the FoS for 

the unreinforced wall.  

 

Figure 4-1 Soil nailed model in Goe-slope 
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The input sheet for geotechnical properties of one sample of residual soil is shown in 

Figure 4-2. As illustrated, residual soil has been modelled as a Mohr-Coulomb 

material and for this specific case, cohesion of the soil is 20kN/m2 and friction angle 

of the soil is equal to 20 degree.  

Also, it can be seen that another parameter needed for numerical modelling with LEM 

is the unit weight of the soil and this parameter has been set to 20kN/m3 for all cases 

modelled in SLOPE/W. 

 

Figure 4-2 Input data for geotechnical properties of residual soil (for one sample case) 

Specific properties of nails that should be assumed as an input for SLOPE/W software 

include the nail length and angle, spacing between nails, bar capacity, shear capacity, 

hole diameter and the skin friction of the nails. The input sheet for the above-

mentioned data is presented in Figure 4-3. 
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Figure 4-3 Input data for nail properties in SLOPE/W 

In order to find the FoS of slopes, Morgenstern-Price method, which is able to satisfy 

both force and moment equilibriums, was used in the LEM analysis. The reason for 

selection of the Morgenstern-Price procedure over other procedures of LEM that are 

available in SLOPE/W is that it is extensively used in Australia, and additionally the 

fact that more accurate results might be obtained by this method as it can satisfy both 

force and moment equilibriums, whilst other available procedures in SLOPE/W 

cannot.  More details about the Morgenstern-Price method are presented in Section 

2.3.1.2.  

In order to examine the impact of cohesion value (c’) on the stability of these slopes, a 

sensitivity check was performed. The obtained Factor of Safety (FoS) for each case is 

presented in the next section. A sensitivity check is a new feature that has been added 

to the SLOPE/W and each sensitivity run is now a complete slope stability analysis, 

allowing the user to view all computed slip surface results for each individual run.  

For the purpose of the sensitivity check, a wide range of cohesion changing from zero 

to 100kPa was assumed for the cohesion parameter of the slopes and the intervals for 
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each increase was 5. Therefor the analysis consisted of 20 different cases. Figure 4-4 

shows details of the sensitivity check option in SLOPE/W.  

 

Figure 4-4 Sensitivity check option in SLOPE/W 

4.3 Results	  and	  Discussion	  

Based on assumed strength parameters in previous studies, discussed in Section 2.5, 

six different cases were modelled and analysed to investigate the impact of cohesion 

on residual soil slopes. 

Table 4-1 shows the FoS obtained by analysis of different cases for two different 

conditions, 1) reinforced with nails and 2) without nails and the results confirm that 

the act of wall reinforcement with nails has been effective enough to increase the FoS.  
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Table 4-1 Factor of Safety (FoS) for different cases 

 

Based on data presented in Table 4-1 a comparison between the FoS of both 

conditions shows that reinforcing the wall with nails increases the FoS by 20% to 

more than 100% depending on the geotechnical properties of soil (values of cohesion 

and friction angle).  

Also, it can be concluded that the effect of reinforcement with nails is more obvious 

when the residual soil possesses a low amount of strength parameters. For instance, 

for case-I with a low amount of strength (c=0 and φ=20°) reinforcement of soil with 

nails will increase the FoS by more than 100%, whilst for Case-IV with a higher 

amount of strength (c=0 and φ=20°), reinforcement will increase the FoS by 40%. 

Nailed No%Nail Nailed No%Nail Nailed No%Nail Nailed No%Nail Nailed No%Nail Nailed No%Nail

0 0.45 0.13 0.24 0.17 0.29 0.20 0.35 0.25 0.41 0.29 0.49 0.35

5 0.83 0.47 1.01 0.55 1.21 0.62 1.40 0.70 1.50 0.79 1.63 0.89

10 1.08 0.66 1.22 0.75 1.41 0.84 1.62 0.94 1.86 1.03 2.14 1.15

15 1.26 0.90 1.46 0.92 1.68 1.03 1.92 1.13 2.06 1.25 2.34 1.36

20 1.44 0.99 1.64 1.18 1.86 1.30 2.11 1.42 2.38 1.44 2.54 1.60

25 1.60 1.23 1.82 1.37 2.05 1.47 2.28 1.60 2.56 1.74 2.88 1.89

30 1.77 1.42 1.99 1.54 2.22 1.63 2.46 1.80 2.74 1.92 3.06 2.08

35 1.94 1.57 2.16 1.71 2.40 1.80 2.65 1.94 2.94 2.12 3.26 2.26

40 2.20 1.80 2.32 1.87 2.56 2.00 2.82 2.10 3.11 2.26 3.45 2.43

45 2.37 1.91 2.61 2.03 2.73 2.17 2.99 2.33 3.29 2.42 3.62 2.62

50 2.53 2.06 2.78 2.18 2.89 2.30 3.15 2.44 3.45 2.61 3.80 2.88

55 2.74 2.33 2.95 2.48 3.21 2.51 3.32 2.64 3.62 2.76 3.96 2.99

60 2.90 2.49 3.11 2.51 3.38 2.65 3.48 2.77 3.78 2.97 4.13 3.19

65 3.07 2.64 3.32 2.78 3.54 2.82 3.84 2.97 3.95 3.09 4.29 3.27

70 3.28 2.79 3.49 2.97 3.71 2.97 4.00 3.13 4.11 3.24 4.46 3.49

75 3.45 2.98 3.66 3.45 3.88 3.48 4.17 3.88 4.28 3.46 4.62 3.53

80 3.62 3.44 3.83 3.60 4.09 3.81 4.34 3.96 4.56 3.98 4.79 4.03

85 3.79 3.75 4.04 3.80 4.26 3.97 4.51 3.98 4.83 4.03 5.10 4.08

90 4.01 3.86 4.21 3.92 4.43 4.28 4.67 4.37 5.00 4.38 5.38 4.42

95 4.18 3.97 4.39 4.26 4.60 4.44 4.90 4.53 5.17 4.53 5.55 4.58

100 4.35 4.25 4.56 4.43 4.77 4.69 5.01 4.70 5.34 4.71 5.72 4.87

FoS%for%Case%IV
%ϕ=35

FoS%for%Case%V
%ϕ=40

FoS%for%Case%VI
%ϕ=45

FoS%for%Case%III
%ϕ=30%ϕ=25

FoS%for%Case%II
C%(kPa)

FoS%for%Case%I
%ϕ=20
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Furthermore, findings of the present study shown in Table 4-1 demonstrated that 

residual soil slopes with a cohesion parameter of less than 10kPa (even with medium 

value of friction angle equal to 35°) and with an acceptable amount of reinforcement 

have the high probability of collapse and that these types of slopes are sensitive to the 

value of cohesion. Similar values of c and φ were also reported by various authors 

(Atkinson and Sallfors 1991, Potts 2002, Brinkgreve 2005) for soils. 

It can also be concluded that more attention needs to be taken in finding the cohesion 

parameter of residual soils especially when dealing with residual soils possessing low 

cohesion as the wrong estimation of this parameter will mislead the design procedure. 

Figure 4-5 shows the results of analysis performed by SLOPE/W on one case and as 

can be seen in this figure, factor of safety for this specific case is 2.35. The other 

information that can be obtained from this figure is the location and shape of the slip 

surface as this is a surface that leads to the minimum FoS. Appendix A presents more 

results obtained from the analysis of the different cases. 

 

Figure 4-5 Result of analysis and FoS 
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Using the data presented in Table 4-1, graphs were prepared to show the relationship 

between FoS and the strength parameters of residual soil (c and φ). These graphs are 

presented in Figure 4-6 in order to illustrate a comparison between the results of the 

different cases. 

According to the results of analysis presented in Figure 4-6, a nearly linear 

relationship exists between FoS and the cohesion of soil with the slope of this line 

being almost the same for all six cases (see Table 4-2). 

 

Figure 4-6 FOS for nailed wall in residual soil with different soil parameters 
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However, this relationship is more variable in low values of cohesion (0-10kPa) with 

a higher rate of change (sharper slope) and almost in the three first cases the cohesion 

value of less than 10kPa will lead to unacceptable FoS, which is less than 1.5. For 

slopes with friction angle of 20 degrees, the minimum cohesion leading to the 

acceptable FoS (which should be more than 1.5) is 25kPa. This increase in variability 

of the results in lower soil parameters can be related to the increased impact of soil 

nails in weaker soils. 

In order to compare the relationship of FoS with the cohesion of soil for different 

cases a linear regression was performed on the data shown in Figure 4-6 and the 

equation of the lines were obtained. Table 4-2 shows the equation of each line for 

three cases. As can be seen in this table, the slope of lines are same for these cases 

meaning that the rate of change for FoS with an increase of cohesion is the same for 

all three cases. 

Table 4-2 Relation of FoS-cohesion (c) for residual soil in stability analysis of nailed 
wall 

Case No. Equation 

Case-I: φ=20°   FoS = 0.04(C) + 0.65 

Case-III: φ=30° FoS = 0.04(C)+0.94 

Case-VI: φ=45° FoS = 0.04(C)+1.5 

 

4.4 Summary	  

A parametric study on residual soil nailed wall was performed by numerical 

modelling with LEM and the results were presented and discussed in this chapter. Six 



   
 

119 

different cases with six different values of friction angle (Case-I: φ=20°, Case-II: 

φ=25°, Case-III: φ=30°, Case-IV: φ=35°, Case-V: φ=40°, Case-VI: φ=45°) were 

analysed to investigate the effect of different values of cohesion (changing from zero 

to 100kPa) on stability of nailed slopes in residual soils. The analysis for each case 

was performed in two conditions: 1) reinforced with nails and 2) without nails. The 

comparison between these two conditions proved the effectiveness of nails in 

increasing the FoS.  

The result of analysis, in terms of FoS, for different cases was also presented and 

discussed in Section 4.3. In addition to FoS, there are other results such as wall 

displacement or nail forces that are important to be examined but cannot be obtained 

by LEM. In this regards, the next chapter will discuss the numerical modelling of soil 

nailed walls with SRM that can produce some other results as well as FoS. 
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5 Slope	  Stability	  Analysis	  of	  Soil	  Nailed	  Walls	  Using	  FEM	  

5.1 Introduction	  

This chapter presents details of work related to the parametric study on the slope 

stability analysis of residual soil nailed walls using the Finite Element Method (FEM). 

In order to perform a comprehensive parametric study, a soil nailed wall in residual 

soil was considered and several different parameters were subjected to change. The 

following sections in this chapter will discuss the results of these changes on the 

stability of the wall. 

5.2 Analyses	  Methodology	  

For the purpose of slope stability analysis, the software PLAXIS (2D AE.01) was 

used. This is one of the most commonly used geotechnical software around the world 

for the different purposes of geotechnical design and analysis. More details about 

PLAXIS and its method of analysis can be found in Section 3.5.2.  

The parametric study of a residual soil nailed wall consisted of changes in several 

factors including the geotechnical properties of soil (c, φ and E), type of analysis in 

PLAXIS (staged construction and safety factor analysis), bending resistance of the 

wall facing, types of elements and mesh density in PLAXIS. The following sections 

will present the process of work performed for each of the above-mentioned changes. 

The procedures taken to study the effect of each these factors on the results of 

analysis performed on residual soil in PLAXIS are discussed in the following 

sections. The results have been presented in terms of FoS, structural forces and 

horizontal deformation. 

 



   
 

121 

5.2.1 Input	  data	  for	  PLAXIS	  

Geometrical properties of slopes and general properties of soil nails were identical for 

all of the cases as shown in Figure 5-1. The slope height, slope angle, nail length and 

angle have been selected based on experience and data provided in the literature (see 

Table 2-2) in order to simulate a typical soil nailed wall. 

As shown in Figure 5-1 and similar to models built for the purpose of stability 

analysis with LEM, a typical 8m high soil nailed wall was modelled and a typical 

reinforcement with two rows of nails with a length of 7m, angle of 15° and horizontal 

space of 2m were considered in the stabilization of the slope. 

 

Figure 5-1 Soil nailed model in PLAXIS 

The diameter of nails is 30mm and the hole diameter is 160mm. The input sheet for 

geotechnical properties of one sample of residual soil is shown in Figure 5-2 and 

Figure 5-3. The values for the above-mentioned parameters are in accordance with 

typical cases that have been studied previously and were introduced in Table 2-2.  
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Figure 5-2 Input data for geotechnical properties of a sample case in PLAXIS 

 

Table 5-1 summarizes the properties assigned to the models in this section in which 

two different types of data are presented: a) fixed parameters that were used in all 

models, and b) different values that were considered in the parametric study. As 

mentioned previously, the geometrical properties are in accordance with typical cases 

that have been studied previously and were introduced in Table 2-2 whilst selection of 

the residual soil properties is discussed in Section 3.2. 

As shown in Table 5-1, fixed parameters that did not change during this study include 

height of the nailed wall, length/angle/spacing of nails, hole diameters of nails, 

material property of nails, size of nails and soil model. As a project property in 

PLAXIS, the model was built in plain strain conditions indicating that the 

displacements perpendicular to the cross section are assumed to be zero. 
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Table 5-1 Model properties in PLAXIS 

Model properties (unit) Value 

Fixed 
parameters 

for all 
models 

Height of nailed wall (m) 8 

Nail length (m) 7 

Nails angle to horizontal (°) 15 

Horizontal space between nails 
(m) 

2 

Hole diameter for nails (mm) 160 

Nail’s diameter (mm) 30 

Soil model Mohr-Coulomb 

Poison’s Ratio  0.35 

Elasticity Modulus of nails (GPa)	   200	  

Elasticity Modules of grout (GPa)	   20	  

Properties 
used in 

parametric 
studies 

Cohesion of residual soil (kPa) 0, 5, 10, 15, 20, 25, 30, 35, 
40, 45, 50, 55, 60, 65, 70, 75, 
80, 90, 100 

Friction angle of residual soil (°) 20, 25, 30, 35, 40, 45 

Elasticity Modules of residual 
soil (MN/m2) 

1, 2, 3, 4, 5, 10, 15, 20, 25, 
30, 35, 40, 45, 50, 100 

Residual soil Density (kN/m3) 20 

 

As it is shown in Figure 5-3, amongst the different types of soil models that could be 

used in simulation of in-situ soil, Mohr-Coulomb (MC) was elected for analyses 

performed in this section. As has been discussed in Section 3.4, MC model can be 

introduced with five simple data available in almost all projects as the minimum 

requirement of an engineering design. Using the MC model leads to achievement of 

acceptable results in the shortest time with enough accuracy needed for the purpose of 

this part of work. 



   
 

124 

 

Figure 5-3 Input data for geotechnical properties of a sample case in PLAXIS 

 

In the modelling the nails, plate elements with axial, shear and bending stiffness were 

used. Additionally, in order to consider the horizontal distance of the nails in the 2D 

calculations, and also the effect of modelling nails with a rectangular element, the 

equivalent material properties were applied to the plate properties. Figure 5-4 shows 

the material properties that were used for modelling nails in this section. 
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Figure 5-4 Input data for nails (a sample case) in PLAXIS 

 

In order to calculate the equivalent stiffness of the grouted nails (presented in Figure 

5-4), first, an effective modulus of composite material (nail + grout) was calculated 

according to the Equation 5-1 as below: 

𝐸! = 𝐸!
𝐴!
𝐴 + 𝐸!

𝐴!
𝐴 	   (5-1) 

where Ec is the effective modulus of elasticity for the composite material (nail + 

grout), En, An and Eg, Ag are the properties of nails and grout respectively and A is the 

total area of nail and grout. 
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The axial and bending stiffness of the grouted nails then can be calculated by using 

the total area of grouted nails, space between nails and effective modulus of elasticity 

as presented in Equations 5-2 and 5-3: 

(𝐸𝐴)!" =
𝐸!×A
𝑆!

	   (5-2)	  

(𝐸𝐼)!" =
𝐸!×I
𝑆!

	   (5-3)	  

where (EA)eq and (EI)eq are the equivalent axial and bending stiffness of grouted nails 

respectively, A is the total area of grout nail, I is the moment inertia for the grouted 

nail, and Sh is the horizontal space between nails. 

For the finite element calculations of a soil nailed slope, a geometry model needs to 

be divided into finite elements. In this regards there are two different options for the 

finite elements; 6-node elements and 15-node elements. Although selection of 15-

node elements leads to more accurate results, the analysis needs much more time to 

run compared to analysis of a geometry model with 6-node elements. Since the 

difference between accuracy for these two analyses is not considerable, the mesh 

generation was based on 6-node elements. As a default, 15 node elements were 

chosen for all models built in this work except for those models built in Section 5.3.4. 

Figure 5-5 presents a sample of mesh generation with medium density for a sample 

case in PLAXIS. In PLAXIS, mesh density can vary from very coarse to very fine and 

selection of appropriate density depends highly on the accuracy of the results needed 

for a specific project. It is obvious that although with a very fine mesh, one can get 

the most accurate result for the FoS, deformations and reinforcement forces, the 



   
 

127 

analysis needs more time to run. As a default, medium mesh density was considered 

for all models built in this work except those models built in Section 5.3.5. 

 

Figure 5-5 Mesh generations with medium density for a sample case in PLAXIS 

 

Another consideration in modelling the nails is simulating the reaction due to the 

friction between the nails and in-situ soil and, in PLAXIS; this is applicable by using 

interface elements. Properties of interface elements in PLAXIS are modelled by 

relating the interaction between the in-situ soil and nails to the strength of soil using a 

reduction factor called Rinter. Therefore the strength parameters of the interface 

element will be obtained as below: 

C	  interface	  =	  R	  inter	  ×	  C	  soil	   (5-4)	  

φ	  interface=	  R	  inter	  ×	  φ	  soil	   (5-5)	  

The reduction factor that was used for analyses performed in this section was chosen 

to be equal to 0.67 as recommended in the PLAXIS manual in the absence of detailed 

information. 
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Finally, the water table has been assumed to be at the bottom depth of excavation (8m 

below the ground surface). 

5.2.2 Calculations	  in	  PLAXIS	  

One of the most useful features of PLAXIS is modelling the staged construction of a 

project in a way that one can introduce different stages of a project that might have 

different activated structures and different levels of ground water. This feature has 

been used in the analyses performed in the current work, and therefore, the results of 

each analysis can be studied at the end of each stage. This is especially useful when 

the forces in nails and also deformations are to be studied after each stage. 

Different calculation phases that were used in this part are as below: 

i. Initial phase (K0 procedure): In order to define the initial stresses as the first 

step of the calculation, K0 procedure is used considering the loading history of 

the in-situ soil. The important parameters for this phase of the calculation are 

the amount of K0 that is related to the friction angle of the soil. For the MC 

model, the default value of K0 is equal to (1-sin φ). 

ii. Phase_1 (First excavation phase): For the first step of the construction 

project, three metres of residual soil will be removed and also the first row of 

nails will be installed in order to stabilise the 3m wall. Therefore, in this stage 

of the calculation, the first three metres of residual soil will be deactivated and 

the first row of nails will be activated. The calculation type for this stage in 

PLAXIS is a plastic calculation. 

Figure 5-6 presents the input data used for phase_1 for a specific case that has 

been modelled in PLAXIS.  
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Figure 5-6 Input data for calculation phase_1 for a sample PLAXIS model 

 

iii. Phase_2 (Second excavation phase): In the next step, another three metres of 

residual soil will be excavated and also the second row of nails will be 

installed in the ground. Therefore, in this stage, two rows of nails (at a depth 

of 3m and 6m below ground level) support a 6m height wall in residual soil. 

As in the previous step, the calculation type for this stage in PLAXIS is a 

plastic calculation. 

iv. Phase_3 (Third excavation phase): In this step, the last two metres of 

excavation takes place. The calculation mode is still based on a plastic 

calculation.  

v. Phase_4 (Global safety calculation): In the last stage of modelling the nailed 

wall construction is a calculation of FoS by means of the strength reduction 

method (SRM) that has been described in detail in Section 2.3.3. Figure 5-7 

shows the input and output data for this phase, and as can be seen, the factor of 

safety for this specific case is equal to 1.63. 
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Figure 5-7 Input data for FoS calculation phase for a sample case in PLAXIS 

 

After running the calculation module in PLAXIS and finding the FoS for the nailed 

wall, the results of the analysis such as deformations, stress values and structural 

forces can be observed in the PLAXIS Output Module. This stage is described in 

Section 5.2.3. 

5.2.3 Output	  of	  PLAXIS	  

The last step in studying the behaviour of a residual soil nailed wall is observation of 

results from the analysis, and in PLAXIS, this is acheived by running the Output 

Modulus. In the Output Modulus of PLAXIS there are many useful features to 

facilitate a good understanding of all the deformations, stresses and structural forces 

that will occur because of the excavation of the wall in the different stages.  

The deformed shape of a residual soil nailed wall at the end of each phase can be 

observed in Output Modulus and so both the vertical settlement/swelling and 

horizontal deflection of the wall can be obtained for each stage of the excavation. 
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Figure 5-8 shows the deformed shape of the wall for a sample case. As shown in 

Figure 5-8, for this specific case, the maximum total displacement after the last stage 

of excavation is around 7cm. 

 

Figure 5-8 Deformed shape of soil nailed wall after excavation 

 

Another important piece of information that can be obtained from these analyses is 

the nail force, and for this part of study, maximum tensile force and the bending 

moment in nails were recorded and examined at the end of the excavation.  

As an example, for a sample case Figure 5-9 shows the maximum tensile force due to 

excavation in the existing nails. Because in the PLAXIS output module, the tensile 

force can be seen for only one structural element at a time, the tensile force diagram 

of each nail has been shown separately. 
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 Based on the diagram shown in Figure 5-9, the maximum tensile force at the end of 

the excavation in the first row of nails at a depth of 2m Below Ground Level (BGL) is 

about 22kN in every 1m of the wall whilst this value in the second row of nails at a 

depth of 6m Below Ground Level (BGL) is about 29.5kN in every 1m of the wall.  

 

Figure 5-9 Tensile force diagram of nails for a sample case (case-III with c=30kPa) 

 
a) Tensile force diagram for the first row of nails 

 
 

 
b) Tensile force diagram for the second row of nails 
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It should be noted that in Figure 5-9, the sign + indicates that the nail is in tension, 

whilst the sign – shows the compression force. For the case that is shown here, the 

whole length of the nail is in tension. 

Appendices B to E present more results obtained from the numerical analysis of 

different cases by SRM in PLAXIS. The selected number of cases of displacement of 

the nailed wall due to excavation are presented in Appendix B, and stress counters of 

residual soil after excavation are presented in Appendix C. Structural forces including 

tensile force and bending moments of nails presented for several different cases that 

were studied in the current thesis are shown in Appendices D & E.  

 

5.3 Parametric	  Study	  of	  different	  factors	  on	  stability	  of	  residual	  soil	  

nailed	  wall	  

5.3.1 Effect	  of	  residual	  soil	  strength	  properties	  on	  stability	  of	  nailed	  wall	  

Similar to the stability analysis with LEM and SLOPE/W, a slope of 8m height with 

two rows of nail in residual soil was modelled, and for the same reason described in 

Section 4.2.1, and in order to reach a larger coverage for different soil parameters, six 

different cases with six different values of friction angle (Case-I: φ=20°, Case-II: 

φ=25°, Case-III: φ=30°, Case-IV: φ=35°, Case-V: φ=40°, Case-VI: φ=45°) were 

simulated in PLAXIS. For each case, cohesion of residual soil varied from 0 to 

100kPa with the intervals of 5kPa. These friction angles are commonly encountered in 

actual soil nailed wall design and construction. Table 5-2 shows the values of soil 

cohesion and friction angle that were considered in the slope stability analysis. 
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Table 5-2 Geotechnical properties of residual soil nailed wall for FEM analysis 

Case I:	  
φ=20°	  

C (kPa) = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 
100	  

Case II:	  
φ=25°	  

C (kPa) = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 
100	  

Case III:	  
φ=30°	  

C (kPa) = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 
100	  

Case IV:	  
φ=35°	  

C (kPa) = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 
100	  

Case V:	  
φ=40°	  

C (kPa) = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 
100	  

Case VI:	  
φ=45°	  

C (kPa) = 0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 
100	  

 

The first important value that was investigated in this section was the FoS for 

different strength values of residual soil nailed walls. The results are shown in Figure 

5-10. As was expected, FoS increased with the increase of cohesion for any specific 

amount of friction angle and the rate of increase (slope of lines in the graph shown in 

Table 5-3) is almost the same for all six cases with different frication angles (Case-I: 

φ=20°, Case-II: φ=25°, Case-III: φ=30°, Case-IV: φ=35°, Case-V: φ=40°, Case-VI: 

φ=45°). 

Based on the graph shown in Figure 5-10, a soil nailed wall constructed on a residual 

soil with cohesion value of less than 10kPa is in high risk of collapse, and even a very 

high amount of friction angles (φ almost equal to 45 degree) cannot prevent this. On 

the other hand, a soil nailed wall constructed in a residual soil with a friction angle as 

low as 20 degrees could be resistant to failure with an acceptable amount of cohesion 

(a value almost more than 25kPa). 
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Figure 5-10 Factor of Safety for different residual soils 

 

The above outcome is in accordance with findings achieved in numerical analysis 

with LEM (see Section 4.3) proving that in the process of finding strength parameters 

of residual soil for the purpose of soil nailed stability analysis and design, more 

attention should be paid in estimation of the cohesion amount.  

Table 5-3 shows the equation of each line for three selected cases that have been 

obtained by the linear regression of data presented in the graph shown in Figure 5-10. 

The equations presented in Table 5-3 can be a good clue in finding the FoS for other 
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cases of residual soil nailed walls that have not been analysed in the current work. For 

instance, by having the equation obtained for Case-I as FoS = 0.033(C) + 0.71, one 

can estimate the amount of FoS for a residual soil nailed wall with a friction angle 

value equal to 20 degrees and any other value of cohesion that has not been assumed 

in the analysis performed in the current work. 

Table 5-3 Relation of FoS-cohesion (c) for residual soil in stability analysis of nailed 
wall 

Case No. Equation 

Case-I: φ =20°   FoS = 0.03 (C) + 0.71 

Case-IV: φ =35° FoS = 0.04(C)+1.15 

Case-VI: φ =45° FoS = 0.04(C)+1.15 

 

The next important effect of any change in residual soil property in a nailed wall 

excavation is the change in nail forces. Obviously one can expect that any 

improvement in soil properties, such as increase of cohesion or friction angle, will 

lead to a reduction in nail force as their role in stabilizing the ground will become less 

critical for the stability of the wall. 

Figure 5-11 shows a comparison of maximum nail forces for different cases in the 

first row of nails at a depth of 2 metres BGL. This figure clearly shows that nails 

working in a residual soil with higher strength will carry lower amount of loads 

compared to the nails working in a residual soil with lower strength. For example, 

nails working on a residual soil nailed wall with c=20kPa and φ=45° carry a 
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maximum tensile force of 8.35kN/m, whilst the nails working on a residual soil nailed 

wall with c=20kPa and φ=20° carry a maximum tensile force of 37.6kN/m.  

Also shown in Figure 5-11, is that the important property of a residual soil, that can 

make a noticeable change in nail force, is the friction angle of the residual soil rather 

than the cohesion of soil. Based on Figure 5-11, increase of C values from 30kPa to 

100kPa has not made a noticeable different in nail tensile force. 

 

Figure 5-11 Maximum value of tensile force in the first row of nails (at depth of 2m 
BGL) for different cases modelled in PLAXIS 
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However, with lower amounts of cohesion (i.e. from 0 to 20kPa), reduction of 

cohesion value can still lead to an increase in nail tensile forces. This fact means that 

more attention should be paid to obtaining the accurate value for cohesion in residual 

soil with low values of cohesion (or the residual soils with mostly non-cohesive 

grains) as the results of analysis are quite sensitive to this parameter. 

Figure 5-12 shows the tensile force in the second row of nails located at the depth of 

6m BGL. It shows clearly that the condition of nail tensile force in the second rows of 

nails is as same as nail force in the first row of nails, and with the higher amount of 

friction angle (e.g. 35° and 45°), the increase of cohesion from 20kPa to the very high 

value of 100kPa does not make a difference in the nail force.  

However, in low values of friction (e.g. 20°) and cohesion (e.g. less than 20kPa) 

change of these strength parameters will make a distinct change in nail force. 

Therefore, as long as we encounter a residual soil with moderate to high values of 

friction angle and cohesion, estimation of these parameters does not need to be 

extremely accurate, and consequently the design of nails for tension is not a great 

issue. 

Other useful information that can be obtained regarding the tensile force of nails is the 

comparison of nail force in the first and the second row of nails (2m BGL and 6m 

BGL respectively) as shown in Figure 5-13. This figure illustrate that the difference 

between values of maximum nail force in the two rows is more critical in residual 

soils with lower strength, whilst in residual soils with a high friction angle (e.g. 45°) 

there is not an apparent variance between the nail force of the first and second row of 

nails. The reason can be related to the fact that in a residual soil with high value of 

strength (high value of cohesion and friction angle), the role of nails in stabilization of 
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the slope decreases, and therefore the force that occurs in the nails is not critical and 

does not change much with change of excavation depth. 

 

Figure 5-12 Maximum value of tensile force in the second row of nails (at depth of 
6m BGL) for different cases modelled in PLAXIS 
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Results presented in Figure 5-14 indicates that comparing to the tensile forces of nails, 

more noticeable difference was observed between the maximum bending moments of 

first and second row of nails and nails in the first row carried higher bending moments 

(at least two times of values for the second row of nails). 

 

Figure 5-13 Comparison of nail's force (maximum value) in the 1st row (at depth of 
2m BGL) and 2nd row (at depth of 6m BGL) 
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Furthermore, unlike the tension force in the nails, the maximum bending moment in 

the nails will increase through an increase of strength parameters (both friction angle 

and cohesion) of the residual soil, although the rate of change was similar to that 

observed in the tension force of the nails. 

 

Figure 5-14 Comparison of nail’s bending moment (maximum) in 1st (at depth of 2m 
BLG) and (at depth of 6m BGL) 2nd row of nails 
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5.3.2 Effect	   of	   stiffness	   properties	   of	   residual	   soil	   on	   stability	   of	   nailed	  

wall	  

In order to investigate the effect of residual soil stiffness on the stability of nailed 

walls, the same model introduced in Section 5.2.1 was built in PLAXIS and different 

values of Elasticity Modules (E’) were considered for the residual soil property. The 

effect of these changes on the results of analysis was then studied in terms of achieved 

FoS, structural forces and deformations.  

The selected range for the amount of Elasticity Modules (E’) is based on experience 

achieved from practical projects that are commonly encountered in actual soil nailed 

wall design and also data used in previous studies (see Table 2-2 and also information 

provided in Section 3.2.2). 

Table 5-4 and Table 5-5 show the general properties and details that were used for 

analyses performed in this section. In order to investigate the effect of Elasticity 

Modules (E’) on a different range of strength properties (c and φ), two different cases 

were studied in this part of the research. 

As shown in these two tables, in the first case, lower amounts of E (E value starting 

from 1000kN/m2 up to 10,000kN/m2) with smaller increments (1000kN/m2) were 

used in a selected residual soil with lower strength (c=35kPa, φ=20°), whilst in the 

second case higher values of E (E value starting from 5,000kN/m2 up to 

100,000kN/m2) with larger increments from 5,000 to 10,000kN/m2 in a selected case 

of residual soil with higher strength (c=35kPa, φ=45°) are covered. 
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Table 5-4 Residual soil properties to study the effect of different E (Elasticity module) 
in PLAXIS models-Case I 

E 

(kN/m2) 
1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 20,000 

c (kPa) 35 35 35 35 35 35 35 35 35 35 35 

φ (°) 20 20 20 20 20 20 20 20 20 20 20 

ϒ sat 

(kN/m3) 
20 20 20 20 20 20 20 20 20 20 20 

 

Results of the analysis for both cases showed that change of E does not noticeably 

affect the amount of FoS, which means that in PLAXIS calculations, the value of E is 

not really an important parameter in finding the FoS. However, change of E made a 

noticeable change in the amount of nail bending moment and wall deformation and 

also led to minor changes in nail tensile force. 

Table 5-5 Residual soil properties to study the effect of different E (Elasticity module)  
in PLAXIS models-Case II 

E 

(MN/m2) 
5 10 15 20 25 30 35 40 45 50 100 

C (kPa) 35 35 35 35 35 35 35 35 35 35 35 

φ (°) 45 45 45 45 45 45 45 45 45 45 45 

ϒ sat 

(kN/m3) 
20 20 20 20 20 20 20 20 20 20 20 
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For the first case (Case I: 1000kN/m2<E<20,000kN/m2, φ=20°, c=35kPa) with lower 

amounts of E, results of parametric study are presented in Figure 5-15, Figure 5-16 

and Figure 5-17 shows the amount of nail force and bending moment and also 

horizontal displacements of the nailed wall. 

 

Figure 5-15 Nails’ maximum tension in the 1st (2m BGL) and 2nd row of nails (6m 
BGL) for Case I (1000kN/m2<E<20,000kN/m2, φ=20°, c=35kPa) 

 

As shown in Figure 5-15, the maximum tensile force of nails did not show a 

significant decrease by increasing residual soil stiffness, and for both rows of nails, 
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greater (changing from 1000kN/m2 to 20,000kN/m2).  
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Figure 5-16 Nails’ maximum bending moment in the 1st (2m BGL) and 2nd row of 
nails (6m BGL) for Case I (1000kN/m2<E<20,000kN/m2, φ=20°, c=35kPa) 
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Figure 5-17 Maximum horizontal displacement of nailed wall for different values of 
residual soil’s stiffness (Case I: 1000kN/m2<E<20,000kN/m2, φ=20°, c=35kPa) 
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For the second case (Case II: 5,000kN/m2<E<100,000kN/m2, φ=45°, c=35kPa), the 

same condition as for the first case (Case I: 1,000kN/m2<E<20,000kN/m2, φ=20°, 

c=35kPa) happened for the variation of nail tensile forces which was an insignificant 

change with any change of E value for the residual soil.  

Subsequently, the maximum bending moment of nails experienced a higher rate of 

change with the increase of E from 5,000kN/m2 to 100,000kN/m2 as illustrated in 

Figure 5-18. 

 

Figure 5-18 Nails’ maximum bending moment in the 1st (2m BGL) and 2nd row of 
nails (6m BGL) for Case II (5,000kN/m2<E<100,000kN/m2, φ=45°, c=35kPa) 
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Furthermore, variations of deformations with different values of residual soil stiffness 

in Case II were almost similar to Case I as shown in Figure 5-19. Whilst the 

maximum horizontal displacement of the nailed wall is equal to 68.5mm for the E 

value of 5MN/m2, it will decrease to 10mm for the E value of 40MN/m2 and then 

afterward, it will decrease to 6.5mm for the E value of 100MN/m2. 

 

Figure 5-19 Horizontal displacement of nailed wall for different values of residual 
soil’s stiffness (Case II: 5,000kN/m2<E<100,000kN/m2, φ=45°, c=35kPa) 
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each analysis can be studied at the end of each stage and this is especially useful when 

the forces in nails and also deformations are to be studied after each stage. 

In order to investigate how the above-mentioned features can affect the results of the 

analyses in a residual soil nailed wall, a soil nailed model with the same properties 

introduced in Section 5.2.1 was simulated in PLAXIS and a comparison of the results 

was performed for two different conditions: 

1) Modelling of excavation in three steps, as explained in more detail in Section 

5.2.2. 

2)  Modelling of excavation in just one step 

The result of this comparison is presented in Table 5-6 for a selected range of 

different soil strengths. As shown in Table 5-6, for the purpose of comparison 

selected cases of residual soil strength are: 1) φ =20° with c=20kPa, 2) φ =25° with 

c=15kPa, 3) φ =30° with c=10kPa, 4) φ =35° with c=10kPa, 5) φ =40° with c=10kPa 

and 6) φ =45° with c=10kPa. In this table, ux is the maximum amount of horizontal 

displacement of wall (in millimetres) that is a key result in design of a nailed wall. N 

and M are the maximum values for the tensile nail force and bending moment 

respectively. 

Based on the results presented in Table 5-6, modeling the excavation in different steps 

does not change the FoS compared to the condition when the excavation steps are not 

considered in the construction modeling. Moreover, results also show that horizontal 

deformation of the nailed wall is not dependent on excavation modeling in one or 

more steps. 
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Table 5-6 Comparison of result for two different types of excavation modelling in 
PLAXIS 

Excavation 
Modelling 

C 
 

(kPa) 
φ° FoS ux 

(mm) 

1st row nails' 
 forces (max.) 

2nd row nails' 
 forces (max.) 

N 
(kN/m) 

M 
(kN.m/m) 

N 
(kN/m) 

M 
(kN.m/m) 

3 Stage 
construction 20 20 1.36 31.4 37.6 11.85 57.93 6.32 

1 Stage 
construction 20 20 1.36 31.1 37.94 10.73 82.11 6.01 

3 Stage 
construction 15 25 1.36 29 33.65 9.3 50.81 5.9 

1 Stage 
construction 15 25 1.35 28.4 33.13 10.09 71.47 5.78 

3 Stage 
construction 10 30 1.33 27.1 29.53 3.5 44.53 5.34 

1 Stage 
construction 10 30 1.33 26.8 29.2 8.12 61.72 4.97 

3 Stage 
construction 10 35 1.53 20.5 22.39 9.14 30.85 10.91 

1 Stage 
construction 10 35 1.53 20 21.5 10.31 48.97 12.84 

3 Stage 
construction 10 40 1.74 19.8 15.74 12.37 18.96 4.28 

1 Stage 
construction 10 40 1.73 19.7 16 11.83 39.41 15.09 

3 Stage 
construction 10 45 1.97 18.6 10.66 14.05 11.31 4.33 

1 Stage 
construction 10 45 1.99 18.65 10.93 13.27 30.13 17.95 

 

However, noticeable changes are obviously seen in the values of nail force that are in 

the second row at a depth of 6m BGL and the high gaps are in the amount of axial 

force of nails in the second row. This difference can be explained by considering the 

fact that modeling mid-steps of an excavation, instead of modeling the excavation in 

just one step helps in force distribution in the nails. In this project this is noticeable in 

the second row of nails. 

Therefore, the tension force which occurred in the first row of nails after excavation is 

almost the same for the above-mentioned cases, whilst the tension force of nails in the 
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second row will decrease by modeling the excavation in several steps thus allowing 

the nails to have more accurate force distribution. 

5.3.4 Effect	  of	  element	  type	  on	  stability	  calculation	  of	  residual	  soil	  nailed	  

wall	  in	  PLAXIS	  

Previously, in Section 5.2.1, it was stated that for the finite element calculations of a 

soil nailed slope, a geometry model needs to be divided into finite elements and that 

in this regards, there are two different options for these finite elements: 6-node 

elements and 15-node elements. Although selection of 15-node elements leads to 

more accurate results, the analysis needs much more time to run compared to analysis 

of a geometry model with 6-node elements. 

In this section of the study, a few models with the same properties introduced in 

Section 5.2.1 were built in PLAXIS in order to compare the results of analyses for 

these two different types of elements (6-node elements and 15-node elements). Table 

5-7 shows the results of the analyses performed in this section.  

Table 5-7 Comparison of result for modelling with two different types of elements in 
PLAXIS 

Element 
Modelling 

C 
 (kPa) φ° FoS ux 

(mm) 

1st row nails' 
 forces (max.) 

2nd row nails' 
 forces (max.) 

N 
(kN/m) 

M 
(kN.m/m) 

N 
(kN/m) 

M 
(kN.m/m) 

15node element 20 20 1.36 31.4 37.6 11.85 57.93 6.32 
6node element 1.4 30 37.42 12.45 57.29 8.48 

15node element 15 25 1.36 29 33.65 9.3 50.81 5.9 
6node element 1.4 27 32.79 10.38 47.8 8.24 

15node element 
10 30 

1.33 27.1 29.53 3.5 44.53 5.34 
6node element 1.39 24.5 29.34 4.81 41.81 7.57 

15node element 
10 35 

1.53 20.5 22.39 9.14 30.85 10.91 
6node element 1.59 20 21.6 10.4 28.3 3.05 

15node element 10 40 1.74 19.8 15.74 12.37 18.96 4.28 
6node element 1.8 19.7 15.7 12.75 18.8 3.53 

15node element 
10 45 

1.97 18.6 10.66 14.05 11.31 4.33 
6node element 2.06 18.6 10.48 14.44 10.72 4.9 
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As shown in Table 5-7, for the purpose of comparison, selected cases of residual soil 

strength are the same as those considered in Section 5.3.3, and similar to data 

presented in Table 5-6, ux is the maximum amount of the horizontal displacement of 

the wall (in millimetres) that is a key result in design of a nailed wall. N and M are the 

maximum values for the tensile nail force and bending moment respectively. 

Results of analysis shown in Table 5-7 proves that in order to check the FoS for the 

residual soil nailed wall, using 15-node elements (that leads more time being spent on 

the analysis) is not necessary because the FoS does not have a noticeable change 

compared to the analysis with 6-node elements.  

Similarly, the amounts of horizontal deformation of the nailed wall and also nail 

tensile force do not experience a significant change by choosing 6-node elements over 

15-node elements in the models. However, there is a little difference in nail bending 

moment that might be due to dividing the nails to smaller sections for calculation of 

the bending moment. 

To sum up, election of 15-node element model over a 6-node element model in 

PLAXIS for simulation of a simple nailed wall does not really impact the results of 

analysis in terms of FoS, wall deformation and nail forces. 

However, as this was tried in a relatively simple project and thus the total time of 

analysis was not long, 15-node elements might be more preferable for more complex 

projects, or even in a simple project like this where time is not an issue. This is the 

main reason why 15-node elements were considered for use in building the default 

models described in all sections of this thesis. 
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5.3.5 Effect	  of	  mesh	  density	  on	  stability	  calculation	  of	  residual	  soil	  nailed	  

wall	  in	  PLAXIS	  

As stated in Section 5.2.1, for the purpose of element modelling in PLAXIS, mesh 

density can vary from very coarse to very fine and selection of appropriate density 

depends highly on the accuracy of the results needed for a specific project. It is 

obvious that although with a very fine mesh, one can get the most accurate result for 

the FoS, deformations and reinforcement forces, the analysis needs more time to run. 

In this section of the work, a number of models, with the same properties that were 

introduced in Section 5.2.1, were built in PLAXIS in order to compare the results of 

analyses for two different types of mesh: 1) Fine mesh and 2) Medium mesh. Table 

5-8 shows the results of analyses performed in this section.  

As shown in Table 5-7, for the purpose of comparison selected cases of residual soil 

strength are the same as those considered in Section 5.3.3, and similar to data 

presented in Table 5-6, ux is the maximum amount of horizontal displacement of the 

wall (in millimetres) that is a key result in design of a nailed wall, whilst N and M are 

the maximum values for the tensile nail force and bending moment respectively. 

Regarding the time spent for the analysis of the two above-mentioned types of model, 

models with fine mesh density needed almost four times more than the models with 

the same properties but with medium density mesh.  

Similar to the comparison performed in Section 5.3.4, both of the FoS and 

deformation values did not experience noticeable change. However, it did illustrate 

that by increasing the mesh density from medium to fine, the results of analyses 

become slightly bit more conservative with a very small reduction in the FoS value 

and a very small rise in the horizontal deformation of the wall. 
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Table 5-8 Comparison of results for modelling with two different types of elements 
density in PLAXIS 

Mesh Density 
C 
 

(kPa) 
φ° FoS ux 

(mm) 

1st row nails' 
 forces (max.) 

2nd row nails' 
 forces (max.) 

N 
(kN/m) 

M 
(kN.m/m) 

N 
(kN/m) 

M 
(kN.m/m) 

Medium Mesh 
20 20 

1.36 31.4 37.6 11.85 57.93 6.32 
Fine Mesh 1.35 30 41.87 11.46 63.98 7.6 

Medium Mesh 
15 25 

1.36 29 33.65 9.3 50.81 5.9 
Fine Mesh 1.35 27 37.31 8.83 54.7 6.82 

Medium Mesh 
10 30 

1.33 27.1 29.53 3.5 44.53 5.34 
Fine Mesh 1.33 24.5 32.35 3.34 47.83 5.31 

Medium Mesh 
10 35 

1.53 20.5 22.39 9.14 30.85 10.91 
Fine Mesh 1.51 20 25.04 8.62 33.7 2.16 

Medium Mesh 
10 40 

1.74 19.8 15.74 12.37 18.96 4.28 
Fine Mesh 1.7 19.7 17.42 12.23 21.2 3.34 

Medium Mesh 
10 45 

1.97 18.6 10.66 14.05 11.31 4.33 
Fine Mesh 1.85 18.6 11.65 13.94 12.86 4.34 

 

Likewise, the tensile force of nails experienced a small increase (almost around or less 

than 10%) by increasing the mesh density from medium to fine. However, considering 

the great amount of time needed for the analysis of models composed of fine mesh, 

for the parametric studies performed in the current work election of models with 

medium mesh density was more preferable.  

Moreover, as the two main purposes of analysis and design in practical projects of soil 

nailed slopes are achieving the best results with acceptable amount of FoS and 

horizontal displacement, use of elements with medium mesh density is recommended 

for those projects based on the findings of the current section. 
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5.3.6 Effect	   of	  wall	   facing’s	   bending	   resistance	   on	   stability	   calculation	   of	  

residual	  soil	  nailed	  wall	  in	  PLAXIS	  

In a nailed wall, facing is an element that can contribute to the amount of bending 

moments applied on the nails, and also due to its bending resistance, it might decrease 

the maximum horizontal deformation of the wall.  

In order to investigate the importance of facing simulation in PLAXIS models and its 

impact on deformation, FoS and nail force, a few models with the same properties that 

were introduced in Section 5.2.1, were built in PLAXIS and a comparison between 

three different cases conducted:  

Case I) no facing: The normal model of a residual soil nailed wall that was studied; 

facing was not modelled in this case. 

Case II) with deactivated facing: Facing was modelled in this case but it was 

deactivated in the analysis and calculation stage. 

Case III) with activated facing: Facing was modelled in this case and it was activated 

in the analysis and calculation stage. 

The result of the above-mentioned analyses is presented in Table 5-9 and shows that 

the difference between the results is hardly noticeable.  

As shown in Table 5-9, for the purpose of comparison selected cases of residual soil 

strength are: 1) φ =25° with c=20kPa, 2) φ =25° with c=15kPa, 3) φ =30° with 

c=10kPa, 4) φ =35° with c=10kPa, 5) φ =40° with c=10kPa and 6) φ =45° with 

c=10kPa. In this table, ux is the maximum amount of horizontal displacement of the 

wall (in millimetres) that is a key result in design of a nailed wall. N and M are the 

maximum values for the tensile nails force and bending moment respectively. 
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Table 5-9 Comparison of results for different cases in modelling the facing in 
PLAXIS 

Facing model C 
 (kPa) φ° FoS ux 

(mm) 

1st row nails' 
 forces (max.) 

2nd row nails' 
 forces (max.) 

N 
(kN/m) 

M 
(kN.m/m) 

N 
(kN/m) 

M 
(kN.m/m) 

I) No Facing 

20 25 

1.54 25.02 30.19 13.22 44.85 5.66 

II) Facing-Deactive 1.54 25.87 30.55 12.97 45.3 6.13 

III) Facing-Active 1.52 24 31.54 14.81 54.07 8.7 

I) No Facing 

15 25 

1.36 29 33.65 9.3 50.81 5.9 

II) Facing-Deactive 1.35 30.33 34.37 8.56 51.62 14.02 

III) Facing-Active 1.34 28.65 36.03 7.84 54.2 24.07 

I) No Facing 

10 30 

1.33 27.1 29.53 3.5 44.53 5.34 

II) Facing-Deactive 1.32 28.2 29.62 3.52 45.73 3.52 

III) Facing-Active 1.31 27 31.4 4.04 43.26 38.28 

I) No Facing 

10 35 

1.53 20.5 22.39 9.14 30.85 10.91 

II) Facing-Deactive 1.49 20.8 23.1 7.83 31.66 11.1 

III) Facing-Active 1.51 19.5 24 10.28 32.85 19.84 

I) No Facing 

10 40 

1.74 19.8 15.74 12.37 18.96 4.28 

II) Facing-Deactive 1.68 19.7 16.44 11.62 20.47 6.2 

III) Facing-Active 1.7 18.12 16.01 15.87 24.01 8.04 

I) No Facing 

10 45 

1.97 18.6 10.66 14.05 11.31 4.33 

II) Facing-Deactive 1.72 18.65 10.8 13.91 11.68 3.91 

III) Facing-Active 1.71 18.01 11.3 12.06 13.82 10.9 

 

The only significant change that can be observed in Table 5-9 is the amount of 

bending moment of nails in the second row. This kind of fluctuation can be related to 

the fact that by adding a facing to the model, bending moment in a nail head will 

change because of the semi-rigid connection of the nail head and facing and 

consequently it affects the moment diagram of the nail. Therefore, the whole diagram 

of the nail’s bending moment might change completely and both location and 

magnitude of maximum bending moment will experience some changes. 
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5.4 Results	  and	  Discussion	  

A summary of results obtained from parametric studies performed in all previous 

sections of the current chapter is presented and discussed in this section.  

1) FoS will increase with increase of cohesion for any specific amount of friction 

angle and the rate of increase is almost the same for all different cases with different 

values of friction angle (Section 5.3.1). 

2) Any improvement in the soil properties such as increase of cohesion or friction 

angle, will lead to a reduction in nail force, but the important property of a residual 

soil that can make a noticeable change in nail force is friction angle of the residual 

soil rather than the cohesion of soil (Section 5.3.1). 

3) In cases with lower cohesion values for residual soil (i.e. from 0 to 20kPa), 

reduction of cohesion value can lead to an increase in nail tensile force and this fact 

means that more attention should be paid to obtaining the accurate value for cohesion 

in residual soil with low values of cohesion (or the residual soils with mostly non-

cohesive grains) as the results of analyses are quite sensitive to this parameter 

(Section 5.3.1). 

4) The difference between values of maximum nail force in two rows is more critical 

in residual soils with lower strength, whilst in residual soils with a high friction angle 

(i.e. 45°) there is not an apparent difference between the nail force of the first and 

second row of nails (Section 5.3.1). 

5) Value of E is not an important parameter in finding the FoS in PLAXIS. However, 

change of E made noticeable changes in the amount of the nail bending moments and 

wall deformation and also led to minor changes in nail tensile force (Section 5.3.2). 
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6) Modeling the excavation in different steps does not change the FoS compared to 

the condition when the excavation steps are not considered in the construction 

modeling. Moreover, results also show that horizontal deformation of the nailed wall 

is not dependent on excavation modeling in one or more steps. 

However, noticeable changes are obviously seen in the values of nail force that are in 

the second row at depths of 6m BGL and the high gaps are in the amount of axial 

force of nails in the second row (Section 5.3.3). 

7) In order to check the FoS for the residual soil nailed wall, using 15-node elements 

(that leads to spend more time on the analysis) is not necessary because the FoS does 

not have a noticeable change compared to the analysis with 6-node elements. 

Similarly, amounts of horizontal deformation of the nailed wall and also nail tensile 

force do not experience a significant change by choosing 6-node elements over 15- 

node elements in the models. However, there is a little difference in nail bending 

moments that might be due to dividing the nails into smaller sections for calculation 

of bending moment (Section 5.3.4). 

8) Both of the FoS and deformation values did not experience noticeable changes for 

different types of mesh (fine mesh and medium mesh), but it did show that by 

increasing the mesh density from medium to fine, the results of the analyses become a 

slightly more conservative with a very small reduction of the FoS value and a very 

small rise in the horizontal deformation of wall (Section 5.3.5). 

9) Except for the value and location of maximum bending moment in the second row 

of nails, other results of the analysis (i.e. FoS, wall deformation and nail tensile force) 

did not change after considering the bending resistance of wall facing (Section 5.3.6). 
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5.5 Summary	  

A comprehensive parametric study was performed in order to investigate the effect of 

different parameters on the results of analyses for a residual soil nailed wall in 

PLAXIS. Parameters that were studied included strength parameters of residual soil 

(cohesion and friction angle), stiffness of residual soil (E), analysis type, type of 

element for FE modelling, mesh density for FE modelling and bending resistance of 

wall facing. The results were obtained and compared in terms of three different 

outputs including the FoS, horizontal deformation and nails forces (tensile force and 

bending moment).  
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6 A	  comparison	  between	  LEM	  and	  SRM	  analysis	  

6.1 Introduction	  

In this chapter, based on the data from the two previous chapters, a comparison will 

be presented between the two different methods of analysis (i.e. LEM and SRM with 

FEM) that have been employed in order to study the behaviour of a soil nailed wall 

based in residual soil. First, a comparison between different assumptions that are 

needed for each method of analysis will be discussed and then, results of the analyses 

for both methods will be compared. 

6.2 Input	  data	  for	  different	  methods	  

In order to achieve the appropriate model that can be used in an analysis, different 

types of input are needed and for the purpose of modelling work in the current study, 

this input data can be classified as: geometrical properties of a soil nailed wall, 

geotechnical parameters of residual soil, other details such as underground water level 

and saturation condition of soil, and type of analysis for each method. 

Whilst the geometrical properties of the soil nailed wall were the same for both 

methods of analysis (i.e. LEM and SRM), for geotechnical and strength parameters, 

different types of data were needed to simulate the model in the appropriate software. 

Table 6-1 shows the data required for both methods that has been used in each 

software package. 

Since all the parameters shown in Table 6-1 have been illustrated in more detail and 

separately in Chapter 4 and Chapter 5 (input data for LEM in Section 4.2.1 and input 

data for SRM in Section 5.2.1), no further details will be presented in this section. 
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However, Table 6-1 is specifically useful for a review of different amounts and values 

of input that are needed for each mentioned method of analysis. 

Table 6-1 Input data required for different types of analysis  

Input Data LEM (SLOPE/W) SRM (PLAXIS) 

φ  	  (20,25,30,35,40, 45)° 	  (20, 25, 30, 35,40, 45)° 

C (0-100) kPa  (0-100) kPa 

Soil Density 20 kN/m3  20 kN/m3 

Soil model MC MC 

E	   N/A	    (1-100) MPa	  

Poison’s Ratio N/A 0.35 

R inter N/A 0.67 

EA nails N/A Used in Calcs. 

EI facing N/A Used in Calcs. 

Mesh generation N/A Applied in model 

Staged construction N/A Applied in Calcs. 

 *N/A: Not applicable 

6.3 Results	  of	  analyses	  from	  different	  methods	  

In order to gain higher confidence in the results of analyses with the help of two 

different methods, LEM and SRM, a comparison between the FoS obtained from both 

analyses was considered to be useful. This comparison is presented in Figure 6-1. 
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Figure 6-1 Comparison of FOS for two different methods of analysis (LEM & SRM) 

 

Based on the results shown in Figure 6-1, it can be concluded that the FoS obtained 

from both analyses is almost the same (with the maximum difference of 12%) and 

particularly, with reduction of the residual soil’s friction angle (φ) from 45° to 20°, 
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the value of FoS for different amounts of cohesion will get closer by using these two 

methods. These facts means that in finding the FoS for the slope stability of a soil 

nailed wall constructed in a residual soil with fairly low strength, no great weighting 

needs to be placed on selection of either of these two methods. 

Table 6-2 shows the equation of each line for all three selected cases that was 

obtained from linear regression of curves shown in Figure 6-1. Once again, it is clear 

from Table 6-2 that although using SRM with PLAXIS for the analysis of soil nailed 

walls requires more effort (because of the larger amount of input data needed for the 

analysis) the achieved results for the FoS value are in good agreement for the two 

different methods of analyses (LEM with SLOPE/W and SRM with PLAXIS). 

Table 6-2 Relation of FoS-cohesion (C) for residual soil in stability analysis of nailed 
wall for using two different methods (LEM &SRM) 

Case No. Analysis Type Equation 

Case-I: φ=20° 

LEM FoS = 0.04(C) + 0.65 

SRM   FoS = 0.03(C) + 0.71 

Case-IV: φ=35° 

LEM FoS = 0.04(C)+1.13 

SRM FoS = 0.04(C)+1.19 

Case-VI: φ=45° 

LEM FoS = 0.04(C)+1.53 

SRM FoS = 0.04(C)+1.59 

 

However, as discussed before, LEM analysis will not provide any information 

regarding deformation and structural forces and in this case use of SRM analysis with 

PLAXIS is necessary. Section 6.4 discusses the importance of displacement control in 
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a soil nailed wall and presents the output of analyses performed in Chapter 5 in terms 

of displacement. 

6.4 Displacement	  of	  soil	  nailed	  wall	  

In a reinforced wall system, in addition to the FoS for the system, one of the important 

parameters that should be considered and controlled in the design stage is the wall 

displacement, especially when there is a building or structure near to the excavation 

site. 

In this regards, use of PLAXIS in the design stage could be a great help as it can give 

the engineer data needed for control of the wall’s deformation. For instance, Figure 

6-2 shows the maximum horizontal displacement of the wall obtained from stability 

analysis of different cases introduced in Section 5.3.1. All the fixed parameters used 

as input data for building these numerical models in PLAXIS are the same as data 

presented in Table 5-1. 

The graph shown in Figure 6-2 illustrates that although the higher amount of the soil’s 

shear strength parameters (C and φ) will lead to a reduction in the horizontal 

displacement of a nailed wall, the reduction is not noticeable in soils with a higher 

value of strength parameters. 

For instance, in soils with cohesion of more than 20 kPa and a friction angle of higher 

than 30°, there would be no noticeable decrease in the maximum horizontal 

displacement of a nailed wall by any increase in either the cohesion or the friction 

angle of the residual soil. 
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Figure 6-2 Maximum horizontal displacement of nailed wall (mm) for different soil 
strength parameters 

 

On the other hand, when a nailed wall constructed on a site consisting of roughly 

medium to weak residual soil (with cohesion of less than 30 kPa and friction angle of 

less than 30°), the amount of horizontal displacement of the nailed wall, is sensitive to 

the assumption of shear strength parameters of residual soil. For example, in a soil 
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with friction angle of 25°, assuming the cohesion of soil equal to 30kPa instead of its 

real value of 10kPa can lead to a mistaken value of the wall’s horizontal displacement 

equal to half of the its real value. 

6.5 Summary	  

A comparison between the two different methods of analysis that have been used in 

previous chapters (LEM presented in Chapter 4 and SRM presented in Chapter 5) has 

been presented in this chapter. First, different input parameters for each method were 

compared and then, results of analyses using both methods were presented in the same 

graph showing a good agreement between the gained FoS. 
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7 Conclusion	  and	  Recommendations	  

7.1 Introduction	  

In this PhD thesis, a coherent procedure was employed in order to achieve the 

research goals as outlined in Section 1.2 as below: 

1) A study on different methods of analyses for the purpose of slope stability 

assessment. 

2) A comparison of different methods of soil reinforcement to enhance the stability of 

slopes and in particular soil nails. 

3) A study of the residual soil profiles and the detailed engineering properties as 

obtained from published papers and considered relevant to this study. 

4) Use of computer software such as SLOPE/W and PLAXIS, as needed in studying 

reinforced soil slopes with numerical methods. 

5) A parametric study of a nailed wall constructed in residual soil in order to 

investigate the impact of different parameters on the results of analyses performed 

with two different methods. 

6) A comparison between the methods and results of analyses for two different 

procedures adopted in the current study. 

In this section, the important conclusions and findings from each part of the research 

will be presented and discussed. Recommendation related to analysis of nailed walls in 

residual soil will also be offered.  

7.2 Key	  Findings	  

The following subsections will review the study undertaken and highlight the most 

important findings gained from this research project. It is important to mention that all 
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the conclusions presented in the following sections are based on the study on the 

specific soil nailed wall whose characteristics have been presented in previous 

sections and for other types of walls with different nails configuration further 

parametric studies will be essential. 

7.2.1 Based	  on	  the	  literature	  review	  	  

Based on the literature review carried out and presented in Chapter 2, four main areas 

were discussed: 1) shear strength in the soil and its appropriate parameters in different 

conditions, 2) different methods of slope stability analysis, 3) different methods of 

slope reinforcement and 4) residual soils and their impact on slope stability. 

One important conclusion concerning previous studies on slope stabilization is that 

although some of them have focused on residual soils and specifically on soil nailed 

walls based in residual soil, there is not enough evidence available to show the effect 

of different parameters including soil strength, soil stiffness and also modelling 

assumptions in a numerical simulation on wall deformation, structural forces nor with 

which to draw conclusion as a result of analysis. 

7.2.2 Based	  on	  Research	  Methodology	  

Chapter 3 provided a detailed discussion of various methods of analysis and their 

appropriate software adopted in order to perform the parametric study for stability 

assessment of nailed wall in residual soils. 

The main stages of the parametric study were introduced as: selection of geotechnical 

properties of residual soil, selection of modelling parameters for nailed walls, soil 

models and geotechnical software that were used to perform the analyses. 
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7.2.3 Based	  on	  parametric	  studies	  using	  LEM	  

Chapter 4 presented a numerical evaluation of the most prevalently used conventional 

analysis and design method for soil nailed walls built in residual soils by using 

SLOPE/W software. The analysis procedure that is taken by the software SLOPE/W 

is based on LEM. 

Based on assumed strength parameters in previous works, which were presented and 

discussed in Section 2.5 and selected in Section 3.2, six different cases were modelled 

and analysed to investigate the impact of cohesion on residual soil slopes. As a result, 

findings of the present study demonstrated that, for the specific nailed wall modelled 

in this study, residual soil slopes with a cohesion parameter of less than 10kPa (even 

with high amounts of friction angle), and with acceptable amounts of reinforcement 

have a high probability of collapse, and that these types of slopes are sensitive to the 

value of cohesion. It can also be concluded that in order to get a realistic answer from 

the analysis of a residual soil nailed wall, more attention needs to be given to finding 

the cohesion parameter of residual soils, especially when dealing with residual soils 

possessing low cohesion. 

Based on data presented in Table 4-1, a comparison between the FoS of both 

conditions (with nails and without nails) proves that reinforcing the wall with nails 

increases the FoS by 20% to more than 100% depending on the geotechnical 

properties of the soil (values of cohesion and friction angle). 

According to the result of the analysis presented in Table 4-2, a nearly linear 

relationship exists between FoS and cohesion of soil, and the slope of this line is 

almost the same for all nominated cases. However, this relationship is more variable 

in low values of cohesion, and in most cases, the cohesion value of less than 10kPa 
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will lead to unacceptable FoS, which is less than 1.5. For slopes with a friction angle 

of 20 degrees, the minimum cohesion leading to the acceptable FoS (which should be 

more than 1.5) is 25kPa. 

7.2.4 Based	  on	  parametric	  studies	  using	  SRM	  

A comprehensive parametric study was performed (and details were presented in 

Chapter 5) in order to investigate the effect of different parameters on the results of 

analyses for a residual soil nailed wall in PLAXIS. Parameters that were studied 

included strength parameters of residual soil (cohesion and friction angle), stiffness of 

residual soil (E), analysis type, type of elements used for FE modelling, mesh density 

of elements for FE modelling and bending resistance of wall facing.  

The results were obtained and compared for three different outputs including the FoS, 

horizontal deformation and nail force (tensile force and bending moment). A 

summary of results obtained from parametric studies is presented as below: 

1) FoS will increase with an increase of cohesion for any specific amount of friction 

angle and the rate of increase is almost the same for all different cases with different 

values of friction angle (Section 5.3.1) 

2) Any improvement in the soil properties such as increase of cohesion or friction 

angle will lead to a reduction in nail force but the important property of a residual soil 

that can make a noticeable change in nail force is friction angle of the residual soil 

rather than the cohesion of soil (Section 5.3.1). 

3) In lower amounts of cohesion (i.e. from 0 to 20kPa), reduction of cohesion value 

can lead to an increase (with higher rate) in nail tensile forces. This means that more 

attention should be paid to obtaining the accurate value for cohesion in residual soils 



   
 

171 

with low values of cohesion (or the residual soils with mostly non-cohesive grains) as 

the results of analysis are quite sensitive to this parameter (Section 5.3.1). 

4) The difference between values of maximum nail forces in two rows is more critical 

in residual soils with lower strength whilst in residual soils with a high friction angle 

(e.g. 45°), there is not an apparent difference between the nail force of the first and 

second row of nails (Section 5.3.1). 

5) Value of E is not an important parameter in finding the FoS in PLAXIS. However, 

change of E made noticeable changes in the amount of nail bending moments and 

wall deformation and also led to minor changes in nail tensile forces (Section 5.3.2). 

6) Modeling the excavation in different steps does not change the FoS compared to 

the condition when the excavation steps are not considered in the construction 

modeling. Moreover, results also show that horizontal deformation of the nailed wall 

is not dependent on excavation modeling in one or more steps. 

However, noticeable changes are obviously seen in the values of nail forces that are in 

the second row at a depth of 6m below the ground level and the high gaps are in the 

amount of axial force of nails in the second row (Section 5.3.3). 

7) In order to check the FoS for the residual soil nailed wall, using 15-node elements 

(that leads to more time spent on the analysis) is not necessary because the FoS does 

not have a noticeable change compared to the analysis with 6-node elements. 

Similarly, the amounts of horizontal deformation of nailed walls and also nail tensile 

forces do not experience a significant change by choosing 6-node elements over 15- 

node elements in the models. However, there is a slight difference in nail bending 
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moments that might be due to dividing the nails into smaller sections for calculation 

of bending moments (Section 5.3.4). 

8) Both of the FoS and deformation values did not experience noticeable changes for 

different types of mesh (fine mesh and medium mesh), but it was evidenced that by 

increasing the mesh density from medium to fine, the results of the analyses become a 

slightly more conservative with a very small reduction of FoS value and a very small 

rise in the horizontal deformation of wall (Section 5.3.5). 

9) Except for the value and location of maximum bending moment in the second row 

of nails, other results of the analysis (i.e. FoS, wall deformation and nail tensile force) 

did not change after considering the bending resistance of the wall facing (Section 

5.3.6). 

7.2.5 Based	  on	  comparison	  of	  LEM	  and	  SRM	  in	  stability	  analyses	  

In Chapter 6, a comparison between the two different methods of analysis that were 

used in the previous chapters (LEM presented in Chapter 4 and SRM presented in 

Chapter 5) was presented. First, different input parameters for each method were 

compared and then, results of analyses using both methods were presented in the same 

graph showing a good agreement between the gained FoS. 

Based on the results shown in Figure 6-1, it can be concluded that the FoS obtained 

from both analyses is almost the same and particularly, with a reduction of the 

residual soil’s friction angle (φ) from 45° to 20°, the value of FoS for different 

amounts of cohesion will become closer in these two methods.  

Moreover, it is clear from Table 6-2 that, although using SRM with PLAXIS for the 

analysis of soil nailed walls requires more effort, the achieved results for FoS value 
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are in good agreement for the two different methods of analysis (LEM with 

SLOPE/W and SRM with PLAXIS). However, the key advantage of SRM with 

PLAXIS that encourages design engineers to choose this method over analysis with 

LEM is the fact that LEM will not provide any information regarding deformation and 

structural forces, and for this purpose the use of SRM analysis with PLAXIS is 

necessary. 

7.3 Recommendation	  for	  Future	  Work	  

Beyond the scope of this thesis and the conclusions and findings obtained from the 

various analyses performed as part of the current work, the following points could be 

considered in further research in slope reinforcement studies. 

Parametric studies are needed for other methods of reinforced slopes rather than just 

soil nailed slopes. The influence of other factors such as ground water level, 

saturation degree of residual soil, loading on the nailed wall, for example, can be 

added to such parametric studies. 

Since the real projects of slope reinforcement are three-dimensional jobs, three-

dimensional studies similar to the various two-dimensional response studies presented 

in the present thesis can be performed to provide a more appropriate and realistic 

insight into the response of soil nailed walls.  

In addition to the methods and software that were used in this thesis, there are other 

methods and geotechnical software that can be used for studying the behaviour of 

nailed walls in residual soil. 
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Results	  of	  LEM	  Numerical	  Modelling	  
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Case I: φ = 20°, C = 10 kPa: 

 
 
 

Case I: φ = 20°, C = 30 kPa: 
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Case I: φ = 20°, C = 50 kPa: 

 
 
 

Case I: φ = 20°, C = 70 kPa: 
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Case I: φ = 20°, C = 100 kPa: 

 
 
 

Case III: φ = 30°, C = 10 kPa 
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Case III: φ = 30°, C = 30 kPa: 

 
 
 

Case III: φ = 30°, C = 50 kPa: 
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Case III: φ = 30°, C = 70 kPa: 

 
 
 

Case III: φ = 30°, C = 100 kPa: 
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Case V: φ = 40°, C = 10 kPa: 

 
 
 

Case V: φ = 40°, C = 30 kPa: 
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Case V: φ = 40°, C = 50 kPa: 

 
 

Case V: φ = 40°, C = 70 kPa: 
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Case V: φ = 40°, C = 100 kpa: 
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Displacements	  of	  the	  Nailed	  wall	  Due	  to	  the	  Excavation	  

	  



 199 

B-‐I-‐	  Displacements	  of	  Nailed	  Slope	  after	  the	  First	  Stage	  of	  the	  
Excavation	  

Case-I: φ = 20°, C = 10 kPa 

 
 
 
 

Case-I: φ = 20°, C = 20 kPa 
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Case-I: φ = 20°, C = 30 kPa 

 
 
 
 

Case-I: φ = 20°, C = 40 kPa 
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Case-I: φ = 20°, C = 50 kPa 

 
 
 
 
 

Case-II: φ = 25°, C = 10 kPa 
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Case-II: φ = 25°, C = 20 kPa 

 
 
 
 

Case-II: φ = 25°, C = 30 kPa 
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Case-III: φ = 30°, C = 10 kPa 

 
 
 
 
 
 

Case-IV: φ = 35°, C = 10 kPa 
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Case-V: φ = 40°, C = 10 kPa 

 
 
 

Case-VI: φ = 45°, C = 10 kPa 
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B-‐II-‐	  Displacements	  of	  Nailed	  Slope	  at	  the	  End	  of	  the	  Excavation	  
 
 

Case-I: φ = 20°, C = 20 kPa 

 
 
 
 

Case-I: φ = 20°, C = 30 kPa 
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Case-I: φ = 20°, C = 40 kPa 

 
 
 
 

Case-I: φ = 20°, C = 50 kPa 
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Case-II: φ = 25°, C = 10 kPa 

 
 
 
 

Case-II: φ = 25°, C = 20 kPa 
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Case-II: φ = 25°, C = 30 kPa 

 
 
 
 

Case-II: φ = 25°, C = 40 kPa 
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Case-II: φ = 25°, C = 50 kPa 

 
 
 
 
 
 

Case-III: φ = 30°, C = 10 kPa 
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Case-III: φ = 30°, C = 20 kPa 

 
 
 
 
 
 

Case-III: φ = 30°, C = 30 kPa 
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Case-III: φ = 30°, C = 40 kPa 

 
 
 
 
 
 

Case-III: φ = 30°, C = 50 kPa 
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Case-IV: φ = 35°, C = 10 kPa 

 
 
 
 
 
 

Case-IV: φ = 35°, C = 20 kPa 
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Case-IV: φ = 35°, C = 30 kPa 

 
 
 
 
 

Case-IV: φ = 35°, C = 40 kPa 
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Case-IV: φ = 35°, C = 50 kPa 

 
 
 
 
 
 

Case-V: φ = 40°, C = 10 kPa 
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Case-V: φ = 40°, C = 20 kPa 

 
 
 
 
 

Case-V: φ = 40°, C = 30 kPa 
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Case-V: φ = 40°, C = 40 kPa 

 
 
 
 

Case-V: φ = 40°, C = 50 kPa 
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Case-VI: φ = 45°, C = 10 kPa 

 
 
 
 
 
 

Case-VI: φ = 45°, C = 20 kPa 
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Case-VI: φ = 45°, C = 30 kPa 

 
 
 
 
 
 

Case-VI: φ = 45°, C = 40 kPa 
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Case-VI: φ = 45°, C = 50 kPa 
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Stress	  Counters	  for	  Nailed	  Slope	  After	  Excavation	  
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Case-I: φ = 20°, C = 20 kPa (First stage of excavation) 

 
 
 
 
 

Case-I: φ = 20°, C = 20 kPa (End of excavation) 
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Case-III: φ = 30°, C = 10 kPa (First stage of excavation) 

 
 
 
 

Case-III: φ = 30°, C = 10 kPa (End of excavation) 
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Case-V: φ = 40°, C = 10 kPa (First stage of excavation) 

 
 
 
 
 
 

Case-V: φ = 40°, C = 10 kPa (End of excavation) 
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Tensile	  force	  of	  nails	  	  
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D-‐I-‐	  Tensile	  Force	  of	  Nails	  in	  the	  First	  Row	  
 

Case-I: φ = 20°, C = 20 kPa (First stage of excavation) 

 
 
 
 

Case-I: φ = 20°, C = 20 kPa (End of excavation) 

 
 



 226 

 
Case-I: φ = 20°, C = 50 kPa (First stage of excavation) 

 
 
 
 

Case-I: φ = 20°, C = 50 kPa (End of excavation) 
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Case-III: φ = 30°, C = 20 kPa (First stage of excavation) 

 
 
 
 
 

Case-III: φ = 30°, C = 20 kPa (End of excavation) 
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Case-III: φ = 30°, C = 50 kPa (First stage of excavation) 

 
 
 
 
 

Case-III: φ = 30°, C = 50 kPa (End of excavation) 
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Case-IV: φ = 45°, C = 20 kPa (First stage of excavation) 

 
 
 
 
 

Case-IV: φ = 45°, C = 20 kPa (End of excavation) 
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Case-IV: φ = 45°, C = 50 kPa (First stage of excavation) 
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D-‐II-‐	  Tensile	  Force	  of	  Nails	  in	  the	  Second	  Row	  
 
 

Case-I: φ = 20°, C = 20 kPa 

 
 
 
 

Case-I: φ = 20°, C = 50 kPa 
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Case-II: φ = 25°, C = 10 kPa 

 
 
 
 
 

Case-II: φ = 25°, C = 50 kPa 
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Case-III: φ = 30°, C = 10 kPa 

 
 
 
 

Case-III: φ = 30°, C = 50 kPa 
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Case-IV: φ = 35°, C = 10 kPa 

 
 
 
 
 

Case-IV: φ = 35°, C = 50 kPa 
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Case-V: φ = 40°, C = 10 kPa 

 
 
 

 
Case-V: φ = 40°, C = 50 kPa 
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Case-VI: φ = 45°, C = 10 KPa 

 
 
 
 
 

Case-VI: φ = 45°, C = 50 kPa 
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Appendix	  E	  	  

	  
 
 
 

Bending	  Moment	  of	  Nails	  at	  the	  End	  of	  Excavation	  
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Case-I: φ = 20°, C = 20 kPa 

 
 
 
 
 

Case-I: φ = 20°, C = 30 kPa 
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Case-I: φ = 20°, C = 40 kPa 

 
 
 
 
 
 

Case-I: φ = 20°, C = 50 kPa 
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Case-III: φ = 30°, C = 10 kPa 

 
 
 
 
 

Case-III: φ = 30°, C = 20 kPa 
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Case-III: φ = 30°, C = 30 kPa 

 
 
 
 

Case-III: φ = 30°, C = 40 kPa 
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Case-V: φ = 40°, C = 10 kPa 

 
 
 
 
 
 

Case-V: φ = 40°, C = 20 kPa 
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Case-V: φ = 40°, C = 30 kPa 

 
 
 
 
 

Case-V: φ = 40°, C = 40 kPa 

 
 


