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ABSTRACT 

This thesis focuses on the stability and deformation analyses of a natural slope in China. 

Marginally stable slopes coupled with intense rainfall events represent a common 

challenge to rapid urban development in hilly terrain. These conditions lead to landslides 

that can be disastrous causing significant damage to nearby properties and loss of lives. 

In this thesis, stabilization of a 60 m high natural slope is analyzed using finite element 

and limit equilibrium methods. The strength reduction finite element analysis was able 

to capture the behavior of the slope before the stabilization and its performance after 

stabilization. The factors of safety obtained with two different approaches are compared 

and discussed in this thesis. Deformation analysis is also conducted to investigate 

serviceability of the slope during slope stabilization construction activities. The result 

shows that combination of slope flattening and ground anchors was able to provide the 

required stabilization while satisfying the serviceability requirements as the 

deformations at the crest and toe of the slope are within tolerable limits. 

 

Keywords: Slope Stability, Landslides, Limit Equilibrium, Finite Element Analysis, 

Ground Anchors. 
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Chapter 1 Introduction 

1.1 Statement of the Problem 

Slope instabilities or landslides frequently occur in mountainous areas and can be 

disastrous, causing negative economic effects and property damage, and in extreme 

cases can cause loss of lives (Sun et al., 2015). The landslides can also seriously affect a 

variety of infrastructures such as water supply network, sewage disposal systems, dams, 

and roadways. The term "landslide" defines a wide variety of geological and/or 

environmental processes that result in the downward and outward movement of slope-

forming materials including rock, soil, fill, or a combination of these. The materials may 

move by falling, toppling, sliding, spreading, or flowing. The most common cause of  

landslides is prolonged and intense rainfall events. The landslide may also occur even if 

the rainfall intensity is moderate, but the rainfall duration and existing pore water 

pressures are high. A survey in 2003 indicated that heavy rainfall events triggered 90% 

of the landslides that occurred worldwide (Mandal and Maiti, 2014). Mainly, this is due 

to the increase of the pore water pressures in the soil. 

 

Landslides kill an average of between 25 and 50 people each year in the United States 

(Monroe et al., 2006). Whereas the worldwide death toll per year due to landslides is in 

the thousands. For example, on July 30
th

, 2014, a landslide occurred in the village of 

Malin in the Ambegaon taluka of the Pune district in Maharashtra, India. The landslide, 

which occurred early in the morning while residents were asleep, was believed to have 
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been caused by a burst of heavy rainfall, overrun the whole village, and killed at least 

134 people (Gujarathi and Mane, 2015). 

 

Thus, assessing the stability of natural and/or man-made slopes that are potentially 

dangerous to the residents is crucial, and so is stabilizing them. Soil nailing has been 

used for decades for slope stability enhancement and landslide stabilization with 

considerable success. Compared to other stabilization methods, soil nailing can be a 

more convenient and economic option. The soil nails provide forces and moments 

counteracting destabilizing forces/moments  to increase the shear resistance along the 

slip surface by increasing the normal stresses on this surface (Hobst and Zajic, 1983; 

Bromhead, 1994).  

 

Nowadays, in many countries throughout the world, the technology of soil nailing such 

as ground anchors is considered as a preferred method of stabilizing manmade and/or 

natural slope in a variety of ground conditions. In the present thesis, the effect of 

prestressed ground anchors in slope stabilization will be studied and discussed using a 

case study of marginally stable, high slope. The slope considered in this study is located 

in a rainy region in Fujian province, southeast China. The slope comprises of various 

and complex geotechnical materials and soil layering. During the rainy season, the 

infiltration of water affects the strength parameters of soils, making the problem more 

complex and challenging. A series of minor slope failures have occurred in the past few 

years at the subject slope experienced significant failure in 2005. The  debris from 2005 

failure flowed into kitchens of several residents located at the toe of the slope. After 
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2005 slope failure, the mission of stabilizing the slope to prevent more danger to the 

residents at the toe of the slope became urgent. 

 

After considering options of flattening the slope and/or constructing retaining walls at 

the toe, the method using pre-stressed ground anchors was considered to be most 

suitable option for this case and was adopted by local authorities. Considering the height 

and the complexity of the soil stratigraphy, this slope will be reanalyzed in this research 

using finite element method to obtain new insights into the behavior of the slope and its 

reinforcement with ground anchors.  

1.2 Objectives and Scope of Work 

The objectives of the present thesis is to improve the understanding of the failure 

mechanism and to optimize the stabilization approach by analyzing a complex, natural 

slope. The current research in slopes stabilized with ground anchors using finite element 

method generally assume ideal slope models. The slopes are either assumed to  comprise 

of homogenous materials, or the slopes are moderately high. In contrast to the previous 

research, this thesis focuses on analyzing a natural high slope located in China by using 

a finite element strength reduction method. Initially, the existing slope is analyzed to 

determine factor of safety to compare with the analysis carried out in China using limit 

equilibrium method. In the second phase the slope stabilization using prestressed ground 

anchors is carried out using finite element method and the results are compared with the 

final design adopted in China based on limit equilibrium method. 
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A parametric study using finite element method was also undertaken to study the effect 

flattening the slope, number of benches and anchors per bench on the overall factor of 

safety and deformations during stabilization activities. The results of analysis are 

compared with findings from previous research.  

1.3 Methodology 

The values of soil properties used are critical in any geotechnical analysis as the 

reliability of the outcome of the analysis is directly related to the quality of the data. The 

soil properties used in the analysis were provided by a geotechnical investigation 

company in China. The company conducted the in-situ (SPT and water injecting test) 

and laboratory tests. Tests were performed to determine: density, permeability, 

uniformity, classification, shear strength, and compression modulus values. The data on 

shear strength properties was considered appropriate for doing finite element analysis 

using strength reduction method. For deformation analysis, a hardening soil model was 

used. However, the company did not provide the three input stiffness parameters that 

hardening soil model requires. The values of input stiffness parameters were estimated 

based on the measured compression modulus values and empirical correlations available 

in literature.  

There are two methods commonly used to analyze the stability of slopes: limit 

equilibrium method and finite element method.. The limit equilibrium method assumes 

possible failure surfaces of  subject slope, divides the possible failure mass into a 

number of slices, assume the inter-slice forces, and calculate the factors of safety for 

those prescribed surfaces. A minimum global factor of safety is then determined by 
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assuming large number of failure surfaces. In the finite element approach the subject 

slope is divided into a great number of elements instead of slices. Finite element 

methods do not assume possible failure surfaces or inter-slice force, failure of the slope 

occur where the shear strength of the materials cannot resist the shear stresses induced 

by driving forces. The detailed description of these methods is presented in Chapter 1.  

 

Both limit equilibrium and finite element methods of analysis have been developed for a 

long time, and there are a number of commercial software programs available for each 

method.. Slope/W and PLAXIS software were used to analyze the subject slope in this 

study. A brief introduction of the these two software is presented below.. 

 

SLOPE/W is developed by GEO-SLOPE International Canada. This software is based 

on the theories and principles of the limit equilibrium methods. SLOPE/W is able to 

compute the pore pressure distributions, based on finite elements mesh and groundwater 

seepage analyses. After the pore pressure distributions are coupled with slope stability 

analysis, the factor of safety is determined.   

 

PLAXIS 2D is a finite element package that is utilized to deal with the two dimensional 

analysis of deformation and stability in geotechnical engineering. With the use of 

PLAXIS 2D, it is easy to model the geometry of the structure and to define the soil 

properties. By activating and deactivating soil clusters and structural objects, the staged 

construction mode is capable of simulating construction and excavation processes. In 
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PLAXIS 2D, the calculation kernel enables a realistic simulation of the nonlinear, time 

dependent and anisotropic behavior of soils and/or rock. As soil is a multi-phase 

material, special procedures within the software allow for calculations dealing with 

hydrostatic and non-hydrostatic pore pressures in the soil.  

1.4 Thesis Arrangement 

The results of research are reported in several chapters.. Chapter 2 presents the literature 

review on stability analysis methods and slope stabilization methods. The review 

focuses on the description and comparison of the limit equilibrium method and the finite 

element method.. In chapter 3, the details of the case study of natural slope studied in 

this research are presented. The results of safety analysis obtained from limit equilibrium 

and finite element method are summarized and compared. The effect of ground anchors 

on factor of safety under ordinary working condition and intense rainfall condition are  

analyzed and discussed. Chapter 4 presents the results of deformation analysis. The 

procedure of the excavating benches and installing ground anchors is simulated to 

determine deformations due to construction activities. Finally, the main findings of this 

study are summarized in Chapter 5 along with the recommendation for future work.  
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Chapter 2 Literature Review 

2.1 Introduction 

In this chapter, the background and basic formulation of different two-dimensional slope 

stability analysis methods will be presented and discussed. Generally, slope stability 

analyses can be carried out using either the total stress approach or the effective stress 

approach. The total stress approach corresponds to clayey slopes or slopes with saturated 

sandy soils under short-term loading conditions with the pore pressure not dissipated. 

Whereas the effective stress approach corresponds to long-term stability analyses in 

which drained conditions prevail. For natural slopes and slopes in residual soils, and in 

places where intensive rainfall may occur over a long period, such as the case study of 

the natural slope considered in this thesis, they should be analyzed utilizing the effective 

stress approach, considering the maximum water level under severe rainstorms 

(Knappett and Craig, 2012). The slope stability problem is a statically indeterminate 

problem for which there are different methods of analysis available. Generally, these 

methods can be divided into three main categories: 1) limit equilibrium methods (LEM), 

2) finite element methods (FEM), and 3) finite difference methods (FDM). The next 

sections summarize the main features and benefits of first two methods.   

2.2 Stability Analysis of Slopes Using the Limit Equilibrium Method 

The LEM have been widely used for analyses since 1930s (Matthews et al., 2014), and 

all LEMs use the Mohr-Coulomb failure criteria to determine the shear strength (τf) 

along the failure surface. When failure occurs, the shear stress is defined as the shear 
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strength of the soil. Then by calculating the mobilized stress, the factor of safety can be 

estimated using equation (2.1).  

    
                          

                          
 

  

  
                                 (2.1) 

The available shear strength depends on the type of soil and the effective normal stress, 

whereas the mobilized shear stress depends on the external forces acting on the soil 

mass.  

 

The first limit equilibrium method was developed by Fellenius (1936), and was named 

as the Ordinary or the Swedish method, which for a circular slip surface can satisfy the 

moment equilibrium. The Ordinary method was then advanced by Bishop (1955), who 

introduced a new relationship for the base normal force which turned the equation for 

the FOS into a non-linear relation. Janbu (1954) introduced a simplified method which 

could analyze non-circular failure surfaces. In this method, the potential failure soil mass 

was divided into vertical slices. The method was further developed by Janbu himself 

into a more simplified method in 1973. During this period of time, Morgenstern-Price 

(1965), Spencer (1967), Sarma (1973) introduced different assumptions for the interslice 

forces. These approaches are reviewed in the following subsections (Aryal, 2006).  

2.2.1 Fellenius Method  

This method is also referred to as the ordinary method (OM). This method satisfies the 

moment equilibrium but neglects the inter-slice normal force and the shear force. This 

method is the simplest method to determine the safety factor, because an iteration 
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process is not required in calculation. The factor of safety of slopes is computed as 

shown below (Abramson et al., 2002; Nash, 1987):  

 

   
              

      
                                               (2.2) 

                                                           (2.3) 

Where u refers to the pore water pressure, l refers to the slice base length, and α refers to 

the inclination of the slip surface at the middle of slice.  

 

Basing on this assumption, this method yields typically 

conservative factors of safety, which can be on the 

conservative side by as much as 60 percent when compared 

with values from more accurate solutions (Whitman and 

Baily, 1967). For this reason this method is not used much 

nowadays. 

2.2.2 Bishop Simplified Method 

Bishop’s simplified Method (BSM) is commonly used in practice dealing with circular 

shear surfaces (SS) (Bishop, 1955).  BSM takes the interslice normal forces into 

account, but neglects the interslice shear forces (Abramson et al., 2002). In addition to 

moment equilibrium, it also further satisfies the vertical force equilibrium. The effective 

base normal force (N’) is computed by: 

   
 

  
    

        

   
                                       (2.4) 
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Where  

               
     

   
                                      (2.5) 

Integrating equation (2.2), these two equations above could resolve the FOS. In this 

method, an iteration process is required due to the non-linear relationship for the FOS 

appears on both sides of equation. 

 

Compared to BSM, the Bishop rigorous method (BRM) 

considers both the interslice shear forces (T) and the 

interslice normal forces (E). BRM further assumes a 

unique distribution of those resultant forces. Moment 

equilibrium of each slice can be satisfied, while the 

interslice forces T and E as well as the FOS can be determined by an iteration process 

(Abramson et al., 2002).   

2.2.3 Janbu’s Simplified Method 

Janbu’s simplified method is able to consider a composite SS (i.e. non-linear), and the 

factor of safety is determined by horizontal force equilibrium (.Janbu, 1954). The 

method considers interslice normal force (E) but neglects the shear forces (T) as does the 

BSM. The base normal force (N) is computed in the same way as in the BSM method, 

while the factor of safety is determined by: 

   
                      

          
                                       (2.6) 
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Where ΔE=E1-E2 is equal to the net interslice forces (zero if there is no horizontal 

forces). Janbu (1954) derived the equation of FOS, which is expressed by:  

     
  

                

  
 

         
                                             (2.7) 

                
     

   
                                        (2.8) 

Where P=W/b is equal to total vertical stress, while b refers to the width of slice.  

     
                          

       
                                  (2.9) 

Janbu et. al. (1956) proposed a correction factor     indicated in (2.6) to take into 

account the inter-slice forces (Janbu, 1973).  

                                                        (2.10) 

This     is a function of the slide geometry and the strength parameter of the soil.  

 

In addition to Janbu’s simplified method, he also introduced Janbu’s generalised method 

(JGM) or Janbu’s generalised procedure of slices (GPS) (Janbu, 1973) and Janbu’s 

direct method (Janbu, 1973; Nash, 1987). The former method is the first method that 

satisfies both force and moment equilibrium, considering both interslice forces. The 

latter method was proposed by Janbu in 1954 (Janbu, 1954), which is based on 

dimensionless parameters and series of stability charts that provide a powerful tool to 

conduct slope stability analysis. The method can also handle various load conditions 

such as groundwater, surcharge, and tension cracks. Besides, the latter method can be 

used for both total and effective analysis.  
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2.2.4 Morgenstern-Price Method 

Morgenstern-Price Method (M-PM) satisfies both the forces and moment equilibriums, 

and a unique feature of this method is that the method allows for the assumption of the 

inter-slice force function, any type functions such as half-sine, trapezoidal, or user 

defined (Morgenstern and Price, 1965). The relationships for the base normal force (N) 

and interslice forces (E, T) is given in equation (2.10) and (2.11) below.  

   
                        

                        
                                      (2.11) 

     
 

  
           

 

   
                                     (2.12) 

If the interslice force function is given, the interslice 

forces are computed by iteration procedure until the 

   and    are equal, as shown in equations (Nash, 

1987).  

   
                            

                               
              (2.13) 

   
                       

        
                     (2.14) 

The forces considered in M-PM are shown in the sketch on the left. 

2.2.5 Spencer’s Method 

Spencer’s method can be used to compute the safety factor of a soil mass with circular 

and/or non-circular slip surface (Spencer, 1967). In this method it is assumed that the 

inter-slice forces are parallel to each other so their inclination is the same, as shown in 

equation (2.15). 
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                                               (2.15) 

Where θ is the angle of resultant inter-slice force from the horizontal. 

 

The normal force on the base of the slice is expressed in (2.8) as below: 

   
                 

 
   

                 
        

             
     
    

 

 (2.16) 

By considering the overall force equilibrium and the overall moment equilibrium, two 

safety factors    and    could be obtained. Where    and    is described in equations 

(2.9) and (2.10): 

   
                       

        
                                      (2.17) 

 

   
                            

                               
                             (2.18) 

2.2.6 Summary of Limit Equilibrium Methods 

All limit equilibrium methods are based on certain assumptions for the interslice forces. 

To achieve force and/or moment equilibrium, the main differences among various limit 

equilibrium methods are the assumptions pertaining to the interslice forces. Abramson et 

al. (2002) summarized those limit equilibrium methods as shown in Table 2.1 below.  
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Table 2.1 Summary of LE methods (Abramson et al., 2002; Nash, 1987)  

Methods Circular Non-circular ΣM=0 ΣF=0 Assumptions 

Fellenius √ - √ - Neglects both E and T 

Bishop simplified √ (*) √ (**)) Considers E; neglects T 

Janbu simplified (*) √ - √ Considers E; neglects T 

Morgenstern-Price √ √ √ √ Defined by f(x),T=f(x).λ.E 

Spencer √ (*) √ √ Constant inclination, T=tanθ·E 

(*) Can be used for both circular and non-circular failure surfaces,  

(**) satisfies vertical force equilibrium for base normal force 

 

However, the major limitations of these methods result from these assumptions and 

simplifications. The Fellenius method is limited to the hand calculation, so the 

alternative Bishop simplified method and Janbu simplified method have been utilized for 

many years. These methods are able to provide adequate accuracy. But those methods 

fail to satisfy both force and moment equilibrium. Besides, the main drawback of the 

LEM is that it satisfies equations of statics, but do not consider strain and displacement 

compatibility (Krahn, 2003). Even those methods such as Morgenstern-Price method 

and Spencer method, which can satisfy both force and moment equilibriums, do not 

consider this. The factor of safety is sensitive to the choice of interslice force functions 

(Fredlund and Krahn, 1977). In the case of point loads or anchors, the moment 

equilibrium FOS has considerable shifting towards lower FOS.  
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2.3 Stability Analysis of Slopes Using the Finite Element Method 

The use of the finite elements in slope stability analysis can incorporate different 

constitutive soil models in calculating the deformation of the slope along with 

identifying zones where soil yielding occurs with resulting overall factor of safety. The 

finite element method is a general-purpose method that has many desirable 

characteristics as noted below: 

• It has been used to calculate stresses, displacements, and pore pressures in 

embankments and slopes. Griffiths and Lane (1999) discussed the finite element 

method and utilized it to solve several examples of slope stability analysis. They 

compared finite element method with other solution methods, which included the 

influence of a free surface on slope and dam stability. They found that it is reliable 

and robust to assess the stability of slopes by integrating finite element method with 

an elastic perfectly plastic (Mohr-Coulomb) stress-strain method. They specified that 

one of the main advantages of the finite element is that the user do not have to 

commit to any particular form of the mechanism a priori. 

• It has been used for analyses of stress and deformation conditions during construction, 

and also following construction, as consolidation or swelling occur and excess pore 

pressures dissipate. 

• It has been used to investigate the likelihood of cracking, hydraulic fracturing, local 

failure, and overall stability of slopes. 
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By using the method, it is possible to simulate many complex conditions such as 

nonlinear stress-strain behavior, non-homogeneous conditions, and changes in geometry 

during construction of an embankment or excavation. 

 

The advantage of a finite element method to slope stability analysis over traditional limit 

equilibrium method can be summarized as follow (Cheuk et al., 2013): 

• No assumption needs to be made in advance about the shape or location of the failure 

surface. Failure occurs through the zones within the soil mass in which the soil shear 

strength is not able to sustain the applied shear stresses. Then the factor of safety 

emerges naturally from the analysis. 

• Since there is no concept of slices in the finite element method approach, there is no 

need for assumption about inter-slice forces. The finite element method preserves 

global equilibrium until “failure” is reached. 

• If realistic soil compressibility data are available, the finite element solution will give 

information about deformations at working stress level. 

• The finite element method is also able to monitor progressive failure up to and 

including overall shear failure. 

 

The     reduction method is the most widely utilized method amid various finite 

element methods, which is also adopted in this thesis using PLAXIS 2D software 
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(Dawson et al., 2000; PLAXIS 2D, 2012). In the approach the shear strength parameters 

  and   of soils are successively reduced, as shown in equation (2.19), to be just large 

enough to maintain the equilibrium.  

    
        

          
                                                         (2.19) 

Where   and   refers to the input values of the strength parameters of soil, and    refers 

to the normal stress component. Those values   and   are the reduced residual strength 

parameter. In this approach,   and      are reduced in the same proportion. The total 

multiplier      is used to control the reduction of the strength parameters. This 

multiplier is increased in a step-by-step procedure until failure occurs. So       at 

failure is defined to be the factor of safety in (2.20). 

     
         

           
 

      

        
                                         (2.20) 

Where the strength parameters with the subscript ‘input’ refers to the property values 

entered in the material sets and parameters with the subscript ‘reduced’ refers to the 

reduced values in the analysis. 

2.4 Mitigation Measures for Slope Instability 

To prevent slopes from failure, different mitigation measures have been used in the past. 

Excavation, gravity retaining wall, retaining pile, ground anchors system, or the 

combination of several measures mentioned above could be viable options (Choi et al., 

2013). 

 



 

18 

 

Among these measures, the simplest one is flattening slopes as shown in Fig. 2.1, 

namely removing the material in an objective slope to reduce the overall inclination of 

the slope, and to reduce the stress on the potential failure surface. Though this method 

can ensure stability of the slope, there are some disadvantages: it needs large excavation 

equipment to operate the construction and large disposal area to place the excavated 

soils. Meanwhile the vegetation on the slope will have to be destroyed, having negative 

impacts on the environment. 

 

Figure 2.1 Excavation of slope, China (2012) 

 

In those cases of loose fill slopes, re-compacting the soil mass is a good option, which 

makes the soils denser, increasing the shear strength of the soils, which in turn increases 

the stability of the slope. In order to evaluate the long-term performance of a re-

compacted loose fill slopes, a systematic study was carried out by Law et al. (1998) in 

Hong Kong, which indicated that there was a significant improvement in the long-term 
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performance of fill slopes following the re-compaction process, in terms of settlement 

and horizontal movement of slope.  

 

Retaining walls are commonly used to improve the stability of the slopes in roadway 

constructions, as shown in Fig. 2.2 below (Sabatini et al., 1999). Compared to a soil 

nailed slope in figure (b), typical retaining walls require excavation, temporary 

excavation support, back-filling, and sometimes deep foundation support, as shown in 

figure (a), which means it needs more workspace for the construction and is more 

expensive than soil nailed slope.  

 

(a) Conventional concrete gravity wall 

 

(b) Permanent anchored soldier beam and lagging wall 

Figure 2.2 Comparison of concrete gravity wall and anchored wall for a depressed 

roadway 
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In the cases where large excavations are not acceptable due to the topography 

considerations in the sites, the concerns about environment impact, lack of disposal sites 

or the limitation of construction space, ground anchor systems can offer a cost-effective 

solution. Ground anchor systems have been used for many years to stabilize slopes in the 

world. Fig. 2.3 shows a ground anchor system reinforcing the roadway slopes in China.  

 

 

Figure 2.3 Ground anchor system, China (2012) 

 

Benefits of ground anchor systems over concrete gravity retaining walls for support of a 

slope include: 

• unobstructed workspace for excavations; 

• ability to withstand relatively large horizontal wall pressures without requiring a 

significant increase in wall cross section; 

• elimination of the need to provide temporary excavation support since an anchored 
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wall can be incorporated into the permanent structure; 

• elimination of need for select backfill; 

• elimination of need for deep foundation support; 

• reduced construction time and overall cost. 

 

It is a practical option for engineers and contractors. A study conducted by Cheuk et al. 

(2013) shows the influence of soil nail orientations on the behavior of the ground nail–

facing system, as shown in Fig 2.4. The results suggest that the use of steeply inclined 

nails throughout the entire slope could avoid global instability, but could lead to 

significant slope movement, especially when sliding failure prevails. Their research also 

demonstrate that if only sub-horizontal nails are used, the earth pressure exerted on the 

slope facing may cause uplift failure of the slope cover. To overcome the shortcomings 

of using soil nails at a single orientation, a hybrid nail arrangement comprising nails at 

two different orientations was proposed, which limited slope movement and enhance the 

robustness of the system. 
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(a) Steeply inclined nail arrangement 

 

(b) Sub-horizontal nail arrangement 

 

(c) Hybrid nail arrangement 

Figure 2.4 Soil nail arrangements considered in the numerical analysis (Cheuk et al., 

2013)  



 

23 

 

Chapter 3 Case Study: Safety Analysis of a Natural Slope 

In the present study, the effect of ground anchors on stability of slopes will be 

investigated based on a case study. Use of ground anchors is an effective approach to 

stabilize marginally stable high slopes. Ground anchors have been utilized in many 

recent projects especially when solutions such as flattening of slopes or construction of 

retaining walls are not feasible due to site constraints (Sabatini et al., 1999). 

 

The strength reduction technique of the finite element method is a popular and powerful 

tool which has been used for analyzing slopes reinforced by soil nails, e.g. ground 

anchors. It has been demonstrated by Griffiths and Lane (1999) that the FEM is a more 

powerful alternative to LEM when assessing stability in their study of unreinforced 

slopes and embankments. Cheuk et al. (2013) studied the influence of soil nail 

orientations on the behavior of the ground nail-facing system. Cai and Ugai (2000 and 

2003) used three-dimensional elastic-plastic shear strength reduction method, a  FEM, to 

evaluate the stability of homogeneous slope reinforced with piles or ground anchors. 

Their research shows that it is the soil-nail interaction that affects the stability of slopes, 

and that the factor of safety obtained from FEM approach is close to that obtained by the 

Bishop's simplified LEM. 

 

In the research works cited in previous paragraph, either the slopes involved are 

homogeneous in nature, or the height of slope is less than 30 meters. In addition, the 

research work cited above mostly pertains to idealized cases to carry out a parameter 
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analysis. However, in practice, slopes with complex soil layers and groundwater 

conditions with slope heights greater than 30 meters are of common occurrence.  

 

In this thesis, a case study will be discussed to investigate design aspects of ground 

anchor as used for stabilization. This slope is as high as 60 meters, and consists of 4 

different soil layers with groundwater table above the toe of the slope. The soil testing 

undertaken indicates that the soil properties are affected by groundwater table thereby 

increasing the complexity of the problem. In addition, during rainy season, certain depth 

of the soil below the slope surface is saturated to a certain depth further affecting the 

stability of the slope. In this chapter, the effect of ground anchors on the stability of the 

natural slope discussed in this section will be presented.  

3.1 Slope Details 

The slope is located in a rainy region in Fujian province, south-east of China, and 39 

kilometers away from the Mianhuatan hydraulic power station. There are hundreds of 

residents living within 14 meters from the toe of the slope, who migrated from their 

former village due to the construction of a hydraulic power station. The slope, with 40º-

50º inclination to the horizontal axis, is 200 meters long and 40-60 meters high, having 

been excavated to accommodate the residents. The crest of the slope is at an elevation of 

173 meters, and the toe is at 113 meters. Between the elevation of 168 meters and the 

crest is natural slope with a slope angle of fifteen degrees, while below this elevation is 

manmade slope with two slope angles of 40° and 50° between the elevations of 168m 

and 130m, and between the elevation of 130m and the toe, respectively. The slope has 
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experienced shallow slides during rainy season in 2005. These shallow slides continued 

developing in following years, which led to the concern that these slides might lead to 

deep seated failure and cause major damage to the nearby properties and possible loss of 

lives. Photo 3-1(a) below shows the front view of the slope. The circle in the photo 

shows the typical nature of shallow slide. Photo 3-1(b) shows the proximity of 

residences in the vicinity of the slope. 

 

 

(a) Typical shallow slide 

Figure 3.1 The front view of the slope (continued on following page) 
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(b) Residences at the toe of the slope 

Figure 3.1 The front view of the slope  

 

Subsurface soil and bedrock information obtained for the site indicated the stratigraphy 

shown on Figure 3.2 which consists of four main soil layers, which from the top to the 

bottom are, in order: ① Talus gravelly clay; ② Alluvial sandy clay; ③ Fully 

weathered alkali feldspar granite; ④ Strongly weathered alkali feldspar granite. The 

cross-section of the slope is shown in Figure 3-2.  
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Figure 3.2 The cross-section of the slope  

 

The ground investigation combined laboratory tests and in-situ tests to obtain the 

physical properties of each soil layer, and the obtained data was collected and arranged 

according to the approach in the Code for Investigation of Geotechnical Engineering 

(DBJB-84-2006).  

3.1.1 In-situ Tests  

The drilling program for this investigation was carried out in 2013 at which time seven 

boreholes were drilled at different locations along the slope. The boreholes were drilled 

using an all-terrain vehicle mounted power auger. Standard penetration testing (SPT) 

and sampling was carried out at regular intervals of depth in the boreholes using 42 

millimeter inside diameter split spoon sampling equipment. All of the samples obtained 

were brought to the laboratory for further examination and classification testing. 

① Talus gravel clay 

② Alluvial sandy clay 

③ Fully weathered alkali 

     feldspar granite 

④Strongly weathered alkali feldspar granite 

Ground water table 
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Groundwater conditions were observed in the boreholes during drilling and perforated 

standpipes and piezometers were installed in the completed boreholes. The encountered 

and measured groundwater levels are shown in Figure 3.2. The SPT testing results are 

presented in Table 3-1 below. 

Table 3.1 In-situ test values 

Appellation of 

soil layers 

SPT 

measured 

value 

(blow) 

SPT corrections 

Number 

of 

samples 

Average 

value 

(blow) 

Standard 

Deviation 

coefficient 

of variation 

Standard 

value 

(blow) 

① Talus 

gravelly clay 
14~15 3 13.9 / / / 

②Alluvial 

sandy clay 
11~29 19 16 4.129 0.258 14.3 

③Fully 

weathered alkali 

feldspar granite 

26~48 21 27.2 4.923 0.181 25.3 

④Strongly 

weathered alkali 

feldspar granite 

50~99 10 52.6 12.648 0.241 45.2 

 

3.1.2 Laboratory Test  

To carry on general geotechnical tests and soil classification and composition tests 2 soil 

samples were obtained from soil layer ①, and 8 samples from soil layer ③, and 6 from 

layer ④. The collected soil samples were disturbed. A series of direct shear tests was 

carried out on unsaturated and saturated soil samples to simulate the soil behavior above 

and below ground water table. According to the results obtained from the in-situ and 

laboratory tests, as well as relative local project experiences, the soil properties were 

obtained and are listed in Table 3-2. 



 

29 

 

The subject slope was analysed by LEM and FEM using SLOPE/W and PLAXIS 2D 

software, respectively. 

Table 3.2 The properties of soils in the slope 

 (provided by FUJIAN EAST CHINA GEOTECHNICAL ENGINEERING Co.LTD) 

                           Appellation of soil layers 

Iterms 

Talus 

gravelly 

clay① 

Eluvial 

sandy 

clay ② 

Fully 

weathered 

alkali 

feldspar 

granite ③ 

Strongly 

weathered 

alkali 

feldspar 

granite ④ 

Water content w % 21.6 21.1 19.1 / 

Unit weight γ kN/m
3
 18.6 18.2 18 / 

Dry unit weight γd kN/m
3
 15.3 15.05 15.1 / 

Satuarated unit weight γsr kN/m
3
 19.7 19.5 19.5 / 

Specific gravity Gs — 2.72 2.71 2.71 / 

Void ratio e — 0.78 0.8 0.79 / 

Liquidty index IL — -3.90 -0.37 -0.44 / 

Compression modulus 
Es1-

2 
MPa 20 30 36 *35 

Direct shear 

test 

(unsaturated 

sample)* 

Cohesion c kPa 32 40 35 / 

Angle of 

internal 

Friction 

φ ° 20 24 30 / 

Direct shear 

test (saturated 

sample)* 

Cohesion c kPa 25 25 25 / 

Angle of 

internal 

Friction 

φ ° 17 20 24 / 

SPT N Blows 14 14 25 45 

Soil Nail 

allowable 

friction 

Standard 

pile-side 

friction 

value 

qs kPa / 50 75 160 

*
Direct shear test using unsaturated sample represents the properties of the soil above the 

ground water table, while direct shear test using saturated sample represents the 

properties of the soil below the ground water table. 
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3.2 Safety Analysis of the Natural Slope 

The factor of safety of the original slope was separately calculated using Slope/W and 

PLAXIS software. Details of the safety analyses performed are presented in the 

following sections.  

3.2.1 Limit Equilibrium Method (LEM) 

In this study, the Morgenstern-Price method was used. Morgenstern-Price’s method 

considers both normal and shear inter-slice forces, and satisfies both force and moment 

equilibrium. The unique condition in this method is that the ratio of shear to normal 

inter-slice forces is defined in terms of a given function. Figure 3-2 shows the potential 

failure surface obtained by the LEM for the considered natural slope.  

 

 

Figure 3.3 The position of failure surface obtained from LEM 
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3.2.2 The Finite Element Method  (FEM) 

In the FEM analysis the global factor of safety was determined using the φ/c reduction 

approach. In this approach the shear strength parameters tan and c of the soil as well as 

the tensile strength are successively reduced until failure of the slope occurs. 

Accordingly, the factor of safety is determined as the ratio of the available strength to 

the strength at failure. 

3.2.2.1 The Finite-Element Mesh 

The soil continuum was modeled using PLAXIS’ 15-node, plane strain elements. Soil 

was assumed to conform to hardening soil model and governed by the Mohr-Coulomb 

failure criteria. Two sets of numerical models were developed. The first set of models 

were utilized to study the natural slope case (control case) and to investigate the 

possibility of stabilizing the slope using a number of benches. The second set of models 

was aimed at performing a parameter analysis to investigate the potential for stabilizing 

the slope using different configurations of a combination of benching and ground 

anchors. The ground anchors were modeled using a combination of the node-to-node 

elements and the embedded pile row elements from the PLAXIS’s library. The 

embedded pile row elements represented the grouted part of the anchor whereas node-to-

node elements simulated the free length. Rough rigid boundary conditions were adopted 

at the bottom boundary whereas the lateral mesh boundary was fixed in the horizontal 

direction only. Figure 3.3 shows a typical finite element mesh that was automatically 

meshed in analysis. 
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Figure 3.4 
 
Typical finite element mesh for the considered natural slope 

 

3.2.3 Results of the Safety Analysis of the Natural Slope  

The factors of safety of the original slope before stabilization were calculated using 

LEM and FEM. The results obtained from the two methods are presented in Table 3-3. 

To assess the effect of heavy rainfall condition, a special case was also analyzed in 

which the top 4 meter of soil in the slope was assumed to be saturated. The results are 

listed in Table 3-3 below.  

Table 3.3 The factor of safety of original slope using LEM and FEM 

Cases Analysis Method Factor of safety 

Normal Case 
LEM(Morgenstern and Price) 

 

 

1.077 

FEM(Strength reduction) 1.048 

Special Case 
LEM(Morgenstern and Price) 1.048 

FEM(Strength reduction) 1.004 
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As shown in Table 3-3, the slope is at best marginally stable. In fact, for heavy rainfall 

conditions the slope has a factor of safety of only 1.004. In the cases of residual soil 

slopes landslides are commonly induced by rainfall infiltration (F. Melinda. 2004; Liu et 

al., 2015; Gui and Wu, 2014). This slope is classified second grade slope, as the factor 

of safety is less than the required value of 1.25 under normal condition and 1.10 under 

special condition. 

 

While performing LEM and FEM analysis, it was noted that limit equilibrium method 

could compute the stability of the slope even though the factor of safety was less than 

1.0, and yielded corresponding safety factor, while in the use of PLAXIS, the factor of 

safety of the slope had to be greater than 1.0 so that the initial stress field could be 

generated and the calculation could proceed. For example, at the beginning of the 

research, the soil properties provided by the geotechnical company as shown in Table 3-

4 were considered for analysis. In the special case, the designers in China had assumed a 

conservative condition in which the top 4 meters of soils below the slope surface were 

assumed to  saturated. The safety factors are summarized in table 3-5 below.  
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Table 3.4 The soil properties provided at the beginning of the project 

(by FUJIAN EAST CHINA GEOTECHNICAL ENGINEERING Co.LTD) 

Appellation of 

soil layers 

Natural 

unit 

weight 

γ 

(kN/m
3
) 

Saturated 

unit weight 

γ 

(kN/m
3
) 

Direct shear test 

(unsaturated samples) 

Direct shear test 

(saturated samples) 

cohesion 

intercept 

c 

(kPa) 

Angle of 

shear 

resistance 

φ 

(º) 

cohesion 

intercept 

c 

(kPa) 

Angle of 

shear 

resistance 

φ 

(º) 

Talus gravelly 

clay① 
18.6 19.7 32 19 23 16 

Eluvial sandy 

clay ② 
18.2 19.5 36 23 25 16 

Fully weathered 

alkali feldspar 

granite ③ 

18.0 19.5 35 29 25 21 

Strongly 

weathered alkali 

feldspar granite 

④ 

24.0 25.0 / / 110 40 

 

Table 3.5 Factor of safety of the original slope using LEM and FEM according to the 

values in Table 3-4 

Cases Analysis Method Factor of safety 

Normal Case LEM(Swedish slice method) 1.026 

Special Case LEM(Swedish slice method) 0.961 

 

It can be seen that using LEM (Fellenius method) can accomplish safety analyses even 

though the safety factors are less than 1.0 for the special case. However, using soil 

parameters according to Table 3.4, the stress state of the slope cannot reach equilibrium 

while performing FEM analysis. The initial stress state cannot be generated, and 

software warns that the “soil body seems to collapse”, representing the slope is not 

stable. In other words, PLAXIS can only handle stable slope as long as the safety factor 

is close to or greater than 1.0. This feature was used for back-calculation of the soil 
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properties for use in FEM analysis. The soil properties had to be increased slightly as 

presented in Table 3.2 to reflect the reality that the slope is marginally stable. The 

research reported in this thesis was therefore based on the soil properties listed in Table 

3.2. 

 

Using PLAXIS 2D, a local failure was also simulated, which is very close to the shallow 

failure which occurred in 2005. Figure 3.5 below shows the failure points when the 

slope is subjected to heavy rainfall. The location shown in Fig. 3.5 is very similar to the 

failure shown in Picture 3.1. 

 

 

Figure 3.5 Failure zone during heavy precipitation event: original slope 

 

The slip surfaces obtained from two methods for a deep seated failure are shown in 

Figure 3.6. A close look at the slip surface would reveal that the failure surface in Fig. 
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3.5 is not a perfect arc like that obtained from LEM. The failure naturally occurred in the 

soils where the resistance strength cannot resist driving forces. 

 

 

Figure 3.6 The failure surface from the LEM (Morgenstern-Price method) and the FEM 

(Strength reduction method) 

 

3.3 The Effect of Excavation 

After establishing the fact that the slope was marginally stable, various slope 

stabilization alternatives were considered. Since finite element method produced results 

comparable to that obtained from limit equilibrium method, it was utilized for the 

successive analyses. The simplest method to increase the stability is by flattening it. At 

first, the slope was analyzed to achieve an overall inclination angles of, 30º, 35º, and 40º 

to the horizontal, as shown in Fig. 3.7, and the corresponding safety factors were 

calculated using the FEM.  

Localized failure FEM LEM 
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(a) 30 degree 

 

(b) 35 degree 

 

(c) 40 degree 

Figure 3.7 The cross section of the slope with different overall inclination angles 
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To simulate the construction process, after each bench is formed, the safety factor of the 

slope is computed using shear strength reduction method, and the corresponding results 

are listed in Table 3.6. The results presented in Table 3-6 are presented graphically in 

Fig. 3.8. 

Table 3.6 The factors of safety of the slope after excavation 

Number of Benches 30 degree 35 degree 40 degree 

0 1.05 1.05 1.05 

1 1.09 1.12 1.08 

2 1.20 1.17 1.10 

3 1.31 1.19 1.11 

4 1.36 1.19 1.10 

5 1.35 1.16 1.08 

6 1.27 1.11 1.04 

 

 

Figure 3.8 The safety factor of the slope with different overall inclination angles 
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It can be seen according to Table 3.6 and Fig. 3.8 that flattening the slope can increase 

the factor of safety, but removing the soil at the bottom of the slope leads to decreased 

factor of safety. Furthermore, only the slope with an overall inclination of 30 degrees 

achieves the design target safety factor of 1.25. 

 

In the next series of analysis, overall inclination of the slope was kept constant at 40 

degrees, and the number of benches were changed from 4, 6, to 8. The cross sections of 

the slopes are shown in Figure 3.9. The factors of safety for the three cases shown in 

Fig. 3.9 are listed in Table 3-7. 

 

 

(a) 4 benches 

Figure 3.9 The cross section of the slope with same overall inclination but different 

number of benches (continued on following page) 
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(b) 6 benches 

 

 

(c) 8 benches 

Figure 3.9 The cross section of the slope with same overall inclination but different 

number of benches 
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Table 3.7 The safety factors of 40 degrees slope with different number of benches 

Number of Benches 4 benches 6 benches 8 benches 

0 1.05 1.05 1.05 

1 1.10 1.08 1.07 

2 1.11 1.10 1.08 

3 1.10 1.11 1.10 

4 1.02 1.10 1.11 

5 / 1.08 1.10 

6 / 1.03 1.09 

7 / / 1.07 

8 / / 1.04 

 

It is clear that if the overall slope angle is maintained at 40 degrees, the final safety 

factors of the slope are very close to each other irrespective of the number of benches. 

Fig. 3.10 shows the variation in the safety factors as presented in Table 3.7. In addition, 

bench height in excess of 10 m is not an convenient option from constructability 

perspective as such bench height can lead to local failure of bench. The analysis of 

excavating the slope alone did not result in acceptable design factor of safety of 1.25 

except for the case of flattening the slope to an overall inclination of 30 degrees. 

However, excavating the slope to overall 30 degrees would result in massive volume of 

excavated soil, about 6 million cubic meters. As the slope is located in a hilly region, 

there is no sufficient space available nearby to dispose the excavated soil. In addition, 

new traffic routes will have to be built for transporting the excavated soils.  
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Figure 3.10 The safety factors for the 40 degree slope with different number of benches 

 

3.4 The Effect of Ground Anchors 

The option of only flattening the slope was ruled out as discussed in section 3.3. The 

option of a retaining wall at the toe to stabilize the slope was also ruled out considering 

the height of the slope and cost of a robust retaining structure. The alternative of 

excavating the slope in benches and using soil anchors was considered to be most 

feasible and economical for this site. 

 

To investigate the effect of ground anchors, the number of anchors installed into each 

ramp was increased from 1 to 4 until a target safety factor of 1.25 was reached. The 

ground anchors were assumed to be installed at 4 meters centre-to-centre spacing in the 

horizontal direction, which is a reasonable value to prevent adjacent anchors from acting 
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as a group. The typical arrangement of ground anchors with the benches is shown in 

Figure 3.11, where the inclination of anchors was 20 degree to the horizontal.  

 

 

(a) 1 anchor each bench 

 

 

 

 
(b) 2 anchors each bench 

Figure 3.11 The configuration of the ground anchors (continued on following page) 
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(c) 3 anchors each bench 

 

 

 

(d) 4 anchors each bench 

Figure 3.11 The configuration of the ground anchors  

 

In PLAXIS 2D, a ground anchor is modeled in two main parts: the free part, which is 

simulated as a node-to-node anchor where the steel tendons carry the prestressing loads, 
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and the grout body, which is simulated as an embedded pile. In PLAXIS 2D model, the 

state of stress around the grout body, which is a complex three dimensional problem, 

can’t be simulated (PLAXIS 2D. 2012; Kim et. al., 2007). The properties of the node-to-

node anchors are listed in Table 3-8. 

Table 3.8 The properties of the node-to-node anchors 

Parameter Name Value Unit 

Material type type elastic - 

Normal stiffness EA 5.0E5 kN 

Spacing out of plane Ls 2.5 m 

 

The properties of the grout bodies are listed in Table 3-9. 

Table 3.9 The properties of the grout body (embedded row pile) 

Parameter Name Value Unit 

Stiffness E 32.5E6 kN/m
2
 

Predefined pile type Type Massive circular pile - 

Diameter D 0.3 m 

Pile spacing Lspacing 4 m 

Skin resistance 
Ttop max 

Tbot max 
depends on the soil properties kN/m 

 

Although in the PLAXIS 2D model the stress state and the interaction with the soil 

cannot be precisely modeled, the stress distribution, the deformation, and the stability of 
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the slope on a global level still can be estimated in this way, assuming that there is no 

relative slip between grout body and the soil (PLAXIS 2D, 2012).  

 

The grouted body of the anchors, 10 meters long, was assumed to develop skin 

resistance of 27, 45 and 85 kN/m according to the standard pile-side friction value in 

Table 3-1, which corresponds to anchor forces of 270, 450 and 850 kN along the grout 

bodies installed in ②, ③ and ④ soil layers. These values resemble with the 

prestressing load applied on the free part and the plate. For the assumptions stated 

above, the factors of safety are calculated and listed in Table 3-7. 

 

The modeling procedure during calculation consists of three stages. In the first stage the 

benches are excavated one by one and the ground anchors are activated. In the second 

stage the prestressing loads are applied onto the anchors. In both stages, the deformation 

analysis is performed simultaneously, which will be discussed in the next chapter. 

Finally the safety analyses are carried out in the third stage, and the results are 

summarized in Table 3-10 below. The results given in Table 3.10 are presented 

graphically in Fig. 3.12. 
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Table 3.10 The safety factors of the slope with different number of ground anchors 

Number of Benches no anchors 1 anchor 2 anchors 3 anchors 4 anchors 

0 1.053 1.053 1.053 1.053 1.053 

1 1.076 1.080  1.078 1.082 1.084 

2 1.096 1.101 1.106 1.105 1.110  

3 1.106 1.112 1.117  1.134 1.142 

4 1.102 1.124 1.148  1.177 1.206 

5 1.076 1.122 1.170  1.217 1.270  

6 1.032 1.099 1.177 1.252 1.338 

 

 

 
Figure 3.12 The safety factors of the slope with different number of anchors 

 

As can be expected, ground anchors increase the stability of the slope, to achieve the 

desired safety factor of 1.25. In addition, ground anchors combined with excavation 

reduces the volume of soil when compared to excavation only approach. 
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3.5 The Effect of the Inclination of the Ground Anchors 

It can be seen that the ground anchors installed into the upper ramps did not significantly 

improve the stability of the slope. It was assumed that the vertical, upward components 

of the prestressing loads neutralize the gravity of the soils to some extent. So the effect 

of orientation of the ground anchors on slope stability will be discussed in this section. 

The angle of the ground anchors to the horizontal was changed in order to investigate the 

influence of anchor inclination. Three different angles were investigated- 20, 30, and 40 

degree to the horizontal. A slope reinforced with 4 ground anchors on each ramp shown 

in Figure 3.13 below was considered for this analysis.  

 

 
 (a) 20 degree  

 

Figure 3.13 The configuration of the slope reinforcement with 4 ground anchors with 

different angles to the horizontal (continued on following page) 
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(b) 30 degree 

 

 

 

 
(c) 40 degree 

Figure 3.13 The configuration of the slope reinforcement with 4 ground anchors with 

different angles to the horizontal 

 

The simulation procedure is the same as that in section 3.4, and the safety factors are 

listed in Table 3-11.  



 

50 

 

Table 3.11 The safety factors of the slope reinforced with 4 ground anchors with 

different inclination to the horizontal 

Number of Benches 20 degree 30 degree 40 degree 

0 1.05 1.05 1.05 

1 1.08 1.08 1.08 

2 1.11 1.11 1.10 

3 1.14 1.14 1.13 

4 1.21 1.20 1.18 

5 1.27 1.24 1.22 

6 1.34 1.30 1.28 

 

According to the results in the table above, the angle of ground anchors steeply inclined 

to the horizontal are less effective to the stability of the slope than the slightly inclined 

ones. In this case, the plan of 20 degree to the horizontal was the best option. 

3.6 The Effect of Ground Anchors under Heavy Rainfall Condition 

To design a proper approach to stabilize the slope, one has to consider the worst 

environmental conditions. As stated earlier, heavy rainfall can trigger the destabilization 

of the slope, reducing the safety factors. The heavy precipitation and resulting seepage 

lead to saturation of the soils at the top, subsequently change the water content of soil, 

eliminating the negative pore water pressure (Kim and Kim, 2010), and increasing the 

unit weight of the soils, and the shear stress on the failure surface. In addition, torrent 

introduced by heavy rainfall carries away the surface soils where there is a lack of 

plants, which in turn leads to debris flows. The shallow failure in 2005 was the 
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consequence of this weather condition. In this study, a conservative condition was set up 

to mimic the impact of heavy rainfall in which the top 4 meter of soils in the slope was 

considered as saturated, as shown in Figure 3.14, and four ground anchors on each ramp 

were considered in the analysis. For the calculations, the saturated soils were assigned 

different properties, as presented in Table 3-2. 

 
(a) The original slope 

 

 

 
(b) The slope after excavation 

Figure 3.14 The cross section of the slope under intense rainfall condition (continued on 

following page) 
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(c) The slope reinforced with ground anchors 

Figure 3.14 The cross section of the slope under intense rainfall condition 

 

After the initial stress field is generated, the successive modeling procedure is that when 

each bench is formed, the soil vertically below the new surface turns saturated, and then 

the ground anchors are activated and the prestressing loads are applied onto the anchors. 

The factors of safety of the slope during the simulation process are computed and the 

results are summarized in Table 3-12. 

Table 3.12 Safety factors of the slope in special case 

Number of Benches No anchors 4 anchors 

0 1.006 1.006 

1 1.036 1.053 

2 1.063 1.080 

3 1.070 1.117 

4 1.069 1.183 

5 1.049 1.247 

6 1.021 1.325 
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It can seen that precipitation reduces the stability of the slope, but with the reinforcement 

of ground anchors, even under the condition of intensive rainfall, the slope is still stable.  

3.7 Conclusions 

Based on the results of the analysis carried out in this study, it can be concluded that 

ground anchor is a practical and economic option for slope stabilization. The results of 

safety analyses could be summarized as follow: 

1. The shallow failure of the slope was mainly caused by strong downpour during rainy 

season, and partially caused by improper slope protection works. For example, there 

is not adequate turf to prevent the soil from being eroded by surface runoff.     

2. For the subject slope, flattening of the slope and robust retaining wall at the toe were 

deemed to be less practical than ground anchor method due to the cost and area 

constrains. These results conform with the research of Li et al. (2014). In this project, 

the combination of flattening and ground anchors was to be most practical solution. 

Precipitation reduced the stability of the slope for all considered cases analysed. Thus, 

proper drainage system should be established to prevent tension cracks being filled 

from heavy downpour and turf should be placed to cover the slope surface to avoid 

surface soil erosion (Amini and Li, 2015). 

3. In the FEM analyses carried out in this chapter, the configuration of the slope is 

slightly different from that in China; the height of the each ramp is constant at 8.9 

meters, so is the bench face angle, 53º. The results of the FEM analyses showed that 

only three ground anchors would be needed to reach the targeted factor of safety of 
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1.25. Whereas in the final design which was carried out in China, the slope needed 

four anchors to be installed into upper four ramps and two anchors in the bottom two 

ramps to achieve a factor of safety of 1.25 based on the results of limit equilibrium 

analysis. In addition to soil anchors a retaining wall near the toe of the slope was 

required to achieve the target factor of safety. These results are contrary to the work 

of Cai and Ugai (2000), in which for an idealized slope with just one anchor, it was 

concluded that the stabilized slope yielded comparable factors of safety obtained by 

LEM and FEM analysis. 

4. While carrying out the FEM and LEM analyses of the subject slope, it was noticed 

that the limit equilibrium method could compute the stability of the slope even 

though the factor of safety was less than 1.0. However while using PLAXIS, the 

factor of safety of the slope had to be greater than 1.0 so that the initial stress field 

could be generated and the calculation for factor of safety could proceed. In other 

words, PLAXIS can only analyze slopes, including the marginally stable ones as long 

as the safety factor is greater than 1.0. 

  



 

55 

 

Chapter 4 Case Study: Deformation Analyses 

In Chapter 3, finite element analysis pertaining to the stabilization of a marginally stable 

natural slope using ground anchors was presented. The ground stabilization design was 

based on achieving a required factor of safety in terms of ultimate limit states. In this 

chapter, deformation analysis of the same slope is presented both during excavation of 

benches and subsequent installation of ground anchors. The deformations at the crest 

and toe of the slope are presented and discussed as serviceability of any infrastructure 

located at these locations will be affected by deformations associated with construction 

activities of the slope stabilization. The cross-section of the slope is shown in Fig. 4-1 

below. The point A and point B represent the crest and the toe of the slope, respectively, 

and will be studied for the deformations during the simulation of construction activities. 

The properties of soil layers are summarized in Chapter 3. Further discussion on the 

stiffness properties used in the analysis is presented in Section 4.1.  

 

Figure 4.1 The cross-section of the subject slope 

A 

B 

① Talus gravel clay 

② Alluvial sandy clay 

③ Fully weathered alkali 

     feldspar granite 

④Strongly weathered alkali feldspar granite 

Ground water table 
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4.1 Deformation Soil Parameters: 

The process of excavation of benches and installation of ground anchors is an unloading-

reloading process during which the stiffness of the soils keeps on changing. The soil 

stress-strain behavior is not linear and the linear elastic perfectly plastic Mohr-Coulomb 

model is not able to accurately describe the behavior of soil during the unloading-

reloading process and consequently a more advanced soil model is required. In PLAXIS, 

this non-linear relation is approximated by hyperbolic model known as hardening soil 

model. The hardening soil model is an advanced soil model in which the yield surface is 

not fixed in the principal stress space and can expand due to plastic straining. This 

model utilizes two types of hardening; shear hardening which is used to model 

irreversible strains due to primary deviatoric loading, and compression hardening which 

is used to model irreversible plastic strains due to primary compression in oedometer 

loading and isotropic loading (Schanz et al., 1999). The graphical presentation of the 

model is illustrated in Fig. 4.2. This hardening soil model was used to carry out the 

deformation analysis. 

 

Figure 4.2 Hyperbolic stress-strain relation in primary loading for a standard drained 

triaxial test  
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The hardening soil model requires three input stiffness parameters: the triaxial loading 

stiffness,    , the triaxial unloading stiffness,    , and the oedometer loading stiffness, 

     (PLAXIS 2D, 2012; Surarak et al., 2012).       

 

The dependency of the soil stiffness to the stress level is calculated using the following 

equations (4.1), (4.2) and (4.3): 

       
   

 
          

      

                 
                       (4.1) 

       
   

 
          

      

                 
                       (4.2) 

         
   

 
        

  
 

  
       

                 
                       (4.3) 

 

Where 

   
   

- a reference stiffness modulus corresponding to the reference confining pressure, 

p
ref

, of 100 kPa; 

   
   

- the reference Young’s modulus for unloading and reloading, corresponding to the 

reference pressure, p
ref

, of 100 kPa.; 

    
   

- Plastic straining due to primary compression corresponding to the reference 

pressure, p
ref

, of 100 kPa.;  

  
  - confing pressure; 

  - generally equal to 0.5 for sand, and 1.0 for clay and silt (Janbu, 1963; and Von Soos 

1990). 
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Unfortunately, the two triaxial stiffness parameters were not determined by the 

geotechnical company in China, neither was the Eoed value. So the related soil properties 

are adopted from the average values for various soil types. In this thesis the 

unloading/reloading stiffness, Eur, was assumed to be 3 times the secant stiffness E50. 

Also, E50 was assumed to be 1.25 times the tangent stiffness for primary oedometer 

loading, Eoed. The soil properties used in deformation analysis are presented in Table 

4.1, where the    
   

 is assumed to be equal to  Es1-2,  values shown in Table 3.2. and the 

other two values are derived from the approximate relations cited above. 

Table 4.1 The soil parameters utilized for deformation analysis 

Appellation of soil layers    
   

    
   

     
   

 

 ①Talus gravelly clay 20E3 KN/m
2
 60E3 kN/m

2
 16E3 kN/m

2
 

②Alluvial sandy clay 30E3 kN/m
2
 90E3 kN/m

2
 24E3 kN/m

2
 

③Fully weathered alkali feldspar granite 36E3 kN/m
2
 108E3 kN/m

2
 30E3 kN/m

2
 

④Strongly weathered alkali feldspar granite 72E3 kN/m
2
 216E3kN/m

2
 60E3 kN/m

2
 

Note: the values of c', φ' and ψ are the same to that in Table 3.2. The value of    
   

 is 

equal to that of Es1-2 in Table 3.2. 

 

4.2 Deformation of Slope during Bench Excavations: 

According to the results obtained in Chapter 3, to stabilize the slope, the combination of 

excavation and ground anchors was shown to be appropriate approach. To investigate 

deformation of slope due to slope stabilization, the construction activities for each bench 

are divided into two phases: excavation and application of prestressed load. In the first 

phase, the soil is excavated to form the bench and the ground anchors are then activated 
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before the next bench is excavated. This simulation is used to model the proposed top 

down construction procedures. With this modeling, the deformation before and after the 

prestressed loads being applied can be calculated separately, so that the effect of ground 

anchors can be observed.  

 

The deformation analysis was carried out using PLAXIS 2D. As described in Figure 4.2, 

the strain of over-consolidated soil in hardening model decreases when the soil is 

unloaded. For this particular slope, when the soil on the benches is removed, soil heave 

is anticipated due to unloading of overconsolidated soil. For example, when the first 

bench is formed, the soil elements on the bench surface and crest show upward 

displacements, as shown in Fig 4.3 below.  

 

Figure 4.3 The total displacement in Y direction, uy 

 

Maximum value: 21 mm ↑ 
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It is observed that the crest translate towards the opposite of the direction of excavation, 

as shown in Figure 4.4 below. This could be explained by the fact that when the 

corresponding bench is formed, the vertical pressure and the lateral pressure are both 

released. But because the lateral pressure of the overconsolidated soil is relatively 

smaller compared to the vertical pressure, the lateral displacements caused by unloading 

are also smaller than that caused by vertical unloading. In other words, this plasticity 

effect is smaller than the elastic (heave) deformations, being counterweighed by the 

deformation of the lower soil. So the direction of the lateral displacements is changed by 

the heave of the soil on the surface of the bench.  

 

Figure 4.4 The total displacement in X direction, ux 

 

When the prestressed loads are applied on the ground anchors, the result shows that the 

translation of point A in the horizontal direction is -14.1 mm, which also is where the 

Maximum value: 0.7 mm → 

Minimum value: -9 mm ← 
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maximum value is, as shown in Figure 4.5 below. The prestressed loads exert lateral 

pressures on the surface of the bench slope, compressing the soil.  

 

Figure 4.5 The total displacement in X direction, ux, after the prestressing load 

 

During the construction of successive benches and installation of anchors, this 

phenomenon keeps repeating, as shown in Figures 4.6 – 4.10 below.  

Maximum value: 0.9 mm → 

Minimum value: -14.1 mm← 
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(a) The total displacement |u| after the 2
nd

 bench is formed 

  
(b) The total displacement |u| after prestressing load is applied on 2

nd
 ramp 

Figure 4.6 The total displacement ux and uy after construction of 2
nd

 bench 

Maximum value ux:  0.92 mm → 

Maximum value uy:  31 mm↑ 

 

Maximum value ux:  0.9 mm → 

 Maximum value uy:  30 mm↑ 
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(a) The total displacement ux after the 3

rd
 bench is formed 

 
(b) The total displacement uy after prestressing load is applied on 3

rd
 ramp 

Figure 4.7 The total displacement ux and uy after construction of 3
rd

 bench 

Maximum value ux:  0.77 mm → 

 Maximum value uy:  32 mm↑ 

  

Maximum value ux:  1.7 mm → 

 Maximum value uy:  33 mm↑ 
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(a) The total displacement ux after the 4

th
 bench is formed 

 
(b) The total displacement uy after prestressing load is applied on 4

th
 ramp 

Figure 4.8 The total displacement ux and uy after construction of 4
th

 bench 

Maximum value ux:  1.7 mm → 

 Maximum value uy:  33 mm↑ 

  

Maximum value ux:  2.0 mm → 

 Maximum value uy:  33 mm↑ 
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(a) The total displacement ux after the 5

th
 bench is formed 

 
(b) The total displacement uy after prestressing load is applied on 5

th
 ramp 

Figure 4.9 The total displacement ux and uy after construction of 5
th

 bench 

Maximum value ux:  2.0 mm → 

 Maximum value uy:  33 mm↑ 

  

Maximum value ux:  2.2 mm → 

 Maximum value uy:  34 mm↑ 
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(a) The total displacement ux after the 6

th
 bench is formed 

 
(b) The total displacement uy after prestressing load are applied on 6

th
 ramp 

Figure 4.10  The total displacement ux and uy after construction of 6
th

 bench 

Maximum value ux:  13 mm → 

 Maximum value uy:  33 mm↑ 

  

Maximum value ux:  6.6 mm → 

 Maximum value uy:  33 mm↑ 
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Figures 4.6-4.10 illustrate that the maximum value remains on the edge of the second 

bench, and the horizontal displacement is less than 20 mm, while the maximum vertical 

displacement is 33 mm, upward. This result illustrates the reaction of soil encountering 

unloading process. 

 

Comparing the total displacements of the slope before and after the prestressing loads 

are applied, one can find that the position of the maximum displacement remains stable, 

and the displacements before and after the installation of ground anchor are 

insignificantly changed. This means that prestressing the ground anchors does not 

compensate heave and lateral deformations caused by the previous excavations. The 

analysis demonstrates that the prestressed loads only supply axial resisting forces to the 

potential failure soil mass (Cai and Ugai, 2000).  

 

To more graphically describe the deformation of the slope, Figure 4.11 below illustrates 

the deformed mesh at the end of the construction of 6
th

 bench. Comparing Figure 4.12, 

which shows the total displacement of the slope at the end of the construction, it can be 

seen that the surface of each bench heaves when the corresponding benches are formed, 

and that when the ground anchors carry on the prestressed loads, the loads compress the 

soil on corresponding ramp, the soil elements moving backwards, which is an advantage 

for the local stability of each ramp. 
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Figure 4.11 The deformed mesh at the end of construction (scaled up100 times) 

 

  
(a) The total displacement ux 

Figure 4.12 The total displacement of the slope at the end of construction (continued on 

following page) 

Maximum value ux:  6.3 mm → 

Minimum value ux:  -24 mm ← 
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(b) The total displacement uy 

Figure 4.12 The total displacement of the slope at the end of construction 

 

At the end of the construction, the horizontal displacement of the point A is -24 mm 

(←), and the horizontal displacement of point B is -7.7 mm (←). This means that the 

anchored bars in soil are able to control the translation of the slope during the 

stabilization construction, so that the displacement of the slope will not interfere the 

building at the toe of the slope. On the other hand, the vertical displacement results 

suggest that the maximum displacement remain on the edge of first bench throughout the 

construction, while the vertical displacement of the crest is 16 mm (↑), and that of the 

toe is 12 mm (↑). These deformations would not cause any serviceability issues to 

buildings nearby the toe of the slope. 

Maximum value uy:  33 mm↑ 

Minimum value uy:  -1.8 mm↓ 
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4.3 Conclusion and Discussion 

1. As illustrated in this chapter, during the excavation of the benches, the soil undergoes 

unloading process, while in the installation of the anchored bars in soil, the soil 

undergoes reloading process. This highlights the necessity of employing the advanced 

hardening soil model in the deformation analysis for such applications. During the 

simulation, it can be seen that the surface of benches heave due to the unloading.  

2. The prestressing loads applied on the anchored bars in soil compress the soil on 

ramps, enhancing the localized stability of each ramp and controlling the translations 

of the crest and the toe. 

3. According to the deformation analysis in this chapter, the magnitude of vertical and 

horizontal deformations at the crest are 16 mm (↑) and -24 mm (←), respectively, and 

12 mm (↑) and -7.7 mm (←), respectively, at the toe. The soil compressed laterally 

and heaves. The results indicate that the deformations are relatively small and will not 

lead to any significant serviceability issues at the crest or toe, which could be 

confirmed by the work of Bai et al. (2013). 

4. Unfortunately, there is no measurement data from monitoring sites to confirm the 

calculation results in this chapter.  
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Chapter 5 Summary and Recommendations 

5.1 Summary 

This thesis focuses on a case study of reinforcing a high, complex, and marginally stable 

slope with ground anchors. Two approaches of stability analyses, one based on limit 

equilibrium method and the other based on finite element method, were utilized in the 

analyses. The physics of stress-strain relationship, which is lacking in limit equilibrium 

methods, has been well covered by the finite element method and thus the utilized 

combination of the two approaches provided a comprehensive analysis scheme. Finite 

element method is able to simulate stress concentrated problems and deformation 

compatibility (such as the case of prestressed ground anchors), which have been a 

challenge and/or impossible in limit equilibrium method. Consequently, the subject 60 

meters high natural slope that contains complex soil layering and steady ground water 

table was analyzed thoroughly.   

 

In this thesis the safety analysis of the slope is considered under two conditions, ordinary 

working condition and heavy rainfall condition. The calculation and results using the 

Morgenstern-Price method (LEM) and strength reduction method (FEM) are conducted 

and discussed. The conducted calculations involve the use of two different softwares, 

Slope/W and PLAXIS 2D. 

 

The comparison reveals that both methods could yield similar safety factors. 

Morgenstern-Price method prescribes the positions of a series of potential failure 
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surfaces, and by iterative calculation finds out the one with the least factor of safety, 

while in strength reduction method, the failure naturally occurs where the soil strength is 

not adequate to resist the driving force. In addition, the finite element method is able to 

give more details; it is possible to predict a shallow failure under intense rainfall 

condition. In calculation, a shallow failure that occurred in a rainy season in 2005 is 

simulated using 2 dimensional finite element method. Using the hardening soil model, 

the calculation can simulate unloading/ reloading process during the construction, 

showing the potential of cracks caused by the excavation of benches and its effect. For a 

high slope, application of multiple approaches of slope stabilization should be chosen. In 

this study, it was found that the combination of ground anchors and flattening slope is 

more appropriate option than other methodologies. Ground anchors are capable of 

providing axial forces for each ramp, increasing the safety factor of each ramp, which in 

turn increases the global stability of the slope with less construction cost and causing 

less amount of excavated soil. According to the results of stability and deformation 

analyses, ground anchors are an ideal option for high soil slope with complex soil 

distribution and geometry.  

 

The main findings from the study are summarised as follows for the stabilization of 

marginally stable high slopes with ground anchors. 

1. The limit equilibrium method could compute the stability of the slope even though the 

factor of safety is less than 1.0. However in the case of finite elements analysis, the 

factor of safety of the slope has to be greater than 1.0 so that the initial stress field can 
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be generated and the calculation for factor of safety can proceed. In other words, 

finite element method can only analyze slopes, including the marginally stable ones 

as long as the safety factor is very close to or greater than 1.0. 

2. For the considered high slope the conventional option of flattening of the slope and 

building a retaining wall at the toe was deemed not suitable due to the cost and area 

constrains. Subsequently, the option that utilizes a combination of flattening and 

ground anchors was found to be suitable and economic. Using this approach could 

reduce the amount of excavation and potentially reduce the overall cost of 

construction. 

3. A complete and reliable drainage system was found to be very important as the 

analyses showed that precipitation have reduced the stability of the slope for all 

considered cases. Thus, reliable drainage system should be implemented to prevent 

cracks from filling during heavy downpour. In addition, suitable vegetation should be 

used to cover the slope surface to avoid soil erosion during rainy seasons. 

4. The results of the FEM analyses showed that only three ground anchors would be 

needed to reach the targeted factor of safety of 1.25. Whereas in the final design 

which was carried out in China using limit equilibrium analysis, the slope needed 

four anchors to be installed into the upper four ramps and two anchors in the bottom 

two ramps in addition to a retaining wall near the toe of the slope to achieve the same 

factor of safety (i.e., 1.25). These results are contrary to the work of Cai and Ugai 

(2000), in which for an idealized slope with just one anchor, it was concluded that the 
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stabilized slope yielded comparable factors of safety obtained by LEM and FEM 

analysis. 

5. The complex stress history scheme of the soil during construction for the considered 

stabilizing option emphasised the need of employing the advanced hardening soil 

model in the deformation analysis for such applications as the soil undergoes several 

unloading and reloading cycles.  

6. The prestressing loads applied on the ground anchors compress the soil on ramps, 

enhancing the local stability of each ramp and in turn controls the deformations of the 

crest and the toe. 

7. According to the results of the finite element analyses, the computed deformations are 

relatively small and not expected to lead to any significant serviceability issues. 

5.2 Further Research and Recommended Work 

3D slope stability analyses may yield a higher factor of safety than in 2D analyses. 

Therefore, such studies not only increase the FOS and optimise the design, but 

substantial saving on resources can also be assured. However, 3D analyses are much 

more sophisticated and require intense computational resources. Within these 

perspectives, further studies on the following areas are recommended: 

1. Comparing the factors of safety obtained by the 2D limit equilibrium method to those 

obtained by the 3D approach.  

2. Comparing the calculated deformations utilizing the two approaches (i.e., 2D & 3D) 
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and investigating the sensitivity of the simplifications introduced while conducting 

2D finite element analyses of high stabilized slopes.  
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