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Abstract 

Landslides are triggered around the world in different conditions, always are spectacular and often 

dramatic. The assessment and analysis of this problem is a very important act as risk prevention in 

geotechnical engineering. Many developments in geotechnical engineering research about applications, 

theory and practice to assess slope stability. All these improve the understanding of phenomena in 

realty.  The researches of behavior of soils are also in development. There are numerous models of 

behavior of soils, from the elastic-plastic model to more sophisticated behavior models describing almost 

all aspects of elastic-visco-plastic behavior of soils. These models have been developed in order to be 

integrated into software.  This article deals with the slope stability analysis, by the technique of shear 

strength reduction (SSR) coupled to the finite element method. Three criterions are used, the first is the 

Mohr–Coulomb failure criterion, and the second is the Hoek-Brown, the third is Drucker-Prager 

criterion. The factors of safety and the slide surfaces of this slope are analyzed by these criterions then 

compared and discussed. By making the comparative study, that can be captured and understood for 

appropriate use in engineering applications.   
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1. Introduction 
Landslides are triggered around the world in different conditions, always are spectacular and often dramatic, they 

are particularly encountered in large and important projects such as embankment, roads, dams, highways and tunnels, 

etc… The understanding of the mechanical processes that indicate or may indicate failure or even movements, that is 

firstly and necessary condition to assessment the stability of slopes. Vaunat, et al. [1] and Leroueil, et al. [2]  they 

proposed a “geotechnical characterization of slope movements”, for help to improve the understanding and analyzing 

slope movement, also for organizing the knowledge on slope behavior. Recently, Leroueil and Luciano [3] published 

paper of “assessment of slope stability” according to the recent developments about, the technologies for surveying 

and monitoring slopes; achievements about the understanding of slope behavior; and the development of procedures 

for numerical modeling of slope behavior. Analysis of slope stability is a challenging geotechnical problem. Often, 

different methods of analysis used to assess this problem will answer the same questions: is slope stable or not, safety 

factor, failure surface, type of failure, displacement. These questions contribute to the safe of this slope. The 

numerical modelling of slope stability is one of many procedures. It is starting by investigations insight and follows 

by measurements to detect the behaviour as a function of geological factors, climatic, hydrogeological, and others 

factors. When the slope formations are known, the slope stability analysis is an easy task for engineers by using 

computers. The results can help to understand these phenomena in complex physical processes. One of the most 

important things used in analyzing is the type of behaviour. There are various models of behaviour of soils, from 

elastic-plastic model to more sophisticated ones, that try to describe real models of behaviour of soils, and they have 

been developed in order to be integrated into software. Such as, Mohr–Coulomb, Drucker-Prager, Hoek-Brown, 

Cam-Clay, Tresca, and other. Many techniques exist to evaluation the stability of slopes, as Limit Equilibrium 

Method [4] widely used by researchers and engineers. The most common limit equilibrium techniques are the 

methods of slices [5]. In addition, numerical methods have been extensively used in the past several decades due to 

advances in computing power such as continuum methods [6] Finite Difference Method [7] Finite Element Method 

[6]. For discontinued methods, one quotes the Discontinuous Deformation Analysis [8] Discrete Element Method 

[8]. The basic purpose of slope stability analysis, is determining a factor of safety against a potential failure 

mechanism and then deducing the failure shape. The failure criterion mostly used in this assessment is the Mohr–

Coulomb criterion. This paper focuses on the comparison between the Mohr–Coulomb (MC) and the Hoek-Brown 

(HB) and Drucker-Prager criterions to analysis the slope stability. we use in this study, the Finite Element Method 

coupled to the technique of shear strength reduction (SSR) and we compare between the factors of safety and shape 

of the slip surfaces. 

 

2. Methods 
Many techniques and methods to analyse slope stability have been developed. The limit equilibrium methods are 

most often used by researchers and engineers. The application of FEM in geotechnical analysis has become 

increasingly common, as computer performance has improved. In this section, we will give three methods briefly. 

We start by Limit Equilibrium Method, then Finite Element Method, finally, Limit Analysis Method. 

 

2.1. Limit Equilibrium Method 
For slope stability analysis, the (LEM) is widely used by researchers and engineers conducting slope stability 

analysis, because these are traditional and well established. The most common limit equilibrium techniques are 

methods of slices, such as the ordinary method of slices Fellenius [9] and the Bishop simplified, Spencer, and 

Morgenstern-Price methods. In these methods there are many differences among them about the slip surface or 

assumptions in force. We will give an example based on the shapes of slip surface assumed, the LEMs can be 

grouped in tow: the first group is methods of analysis which use circular slip surfaces include: Fellenius [9] and 

Bishop [10]. The second is methods of analysis which employ non-circular slip surfaces include: Morgenstern and 

Price [11]; Spencer [12]; and Sarma [13]; Janbu [14] and others. The slice methods have some common features and 

Zhu, et al. [15] have summarized them as follows: 

 The surface of the sliding body is divided into a finite number of slices, this slices are usually vertical 

cut. 

 The strength of the slip surface is mobilized to the same degree to bring the sliding body into a limit 

state. It means there is only a single factor of safety which is applied throughout the whole failure mass. 

 The safety factor is calculated from force and/or moment equilibrium equations. 

The definition of the Factor of Safety (FS) is the same for all these methods, factor of safety is commonly used to 

quantify the safety level of a slope [16] is defined as follows: 

 

    
                      

                                      
   (1) 

 

The various slice methods of limit equilibrium analysis have been well surveyed and summarized in many 

studies such as Abramson, et al. [17]; Duncan [6]. 

 

2.2. Finite Element Method 
Among the continuum methods, the Finite Element Method (FEM) is largely used to analyse the solid and 

structural mechanics [18-21]. The numerical methods, and in particular the finite element method (FEM), has 

developed rapidly and become increasingly popular for the slope stability analysis. Literature analysis of slope 

stability using FEM, based on the technique of shear strength reduction was reviewed by Duncan and Wright [4] and 

Griffiths and Lane [22] and by Li, et al. [23]. Generally, there are two approaches using the finite element method to 

analyse slope stability Rabie [24]. One approach is to increase the load of gravity and the second approach is to 
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reduce the strength characteristics. The second approach is adopted in this study using the finite element software. 

Generally, two major tasks coupled in the slope stability analysis: the computation of the factor of safety and the 

location of the critical slip surface. The definition of the factor of safety is not unique [25, 26]. The technique of 

strength reduction (SRM) is typically applied to calculate the factor of safety by progressively reducing or increasing 

the shear strength of the material to bring the slope to a state of limiting equilibrium [27]. In recent years, there have 

been various developments in the strength reduction method (SRM) for slope stability analysis. The technique is also 

adopted in several well-known commercial geotechnical finite element programs. 

 

2.3. Limit Analysis Method 
The limit theorems provide a simple and useful way of analyzing the stability of geotechnical structures. This 

method is a powerful mathematical tool that provides rigorous lower and upper bounds to the exact stability factor in 

slope stability problems. The soil is assumed to deform plastically according to the normality rule associated with the 

Coulomb yield condition. The applied of this method started by Drucker, et al. [28] and Drucker and Prager [29] to 

analysis slope stability undergoing plane strain failure, with rotational and translational failure mechanisms. The 

method of limit analysis is based on two theorems: 

 The lower bound theorem, which states that any statically admissible stress field will provide a lower 

bound estimate of the true collapse; 

 The upper bound theorem, which states that when the power dissipated by any kinematically admissible 

velocity field is equated with the power dissipated by the external loads, then the external loads are upper 

bounds on the true collapse load [29]. 

Currently, most the slope stability evaluations based on using the limit analysis are based on the upper bound 

method alone, such as Chen et al. [30, 31]; Donald and Chen [32]; Michalowski [31, 33] and Viratjandr and 

Michalowski [34]. We talk about LEM, FEM and LA methods, there are other methods to assessment the slopes, 

such as, the Discontinuous Deformation Analysis; Discrete Element Method, and many others, these methods having 

all of the advantages and disadvantages, none is perfect. 

 

3. Criterions 
There are many criterions, such as, Cam-Clay, Tresca, and others. Here we present three criterions briefly we 

start by Mohr–Coulomb, then Hoek-Brown, and finally Drucker-Prager Failure Criterion 

  

3.1. Mohr–Coulomb Failure Criterion 
The Mohr-Coulomb criterion is the most common failure criterion encountered in geotechnical engineering. 

Many geotechnical methods and programs require use of this strength model. The Mohr-Coulomb criterion describes 

a linear relationship between normal and shear stresses (or maximum and minimum principal stresses) at failure. The 

Mohr-Coulomb failure criterion can be written as the equation for the line that represents the failure envelope given 

by: 

 

 

 

Where   is shear stress;    is normal stress;   is the cohesive strength, and   is the internal friction angle. The 

failure criterion can be expressed in terms of the relationship between the principal stresses. From the geometry of 

the Mohr circle. The Mohr-Coulomb criterion for triaxial data is given by the following equation: 

 

    
       

      
 
      

      
   (3) 

 

3.2. Hoek-Brown Criterion 
Currently, the Hoek-Brown (HB) criterion [35] is one or the most broadly adopted failure criteria to estimate 

rock mass strength in rock engineering. Over the past many years, the HB criterion has been applied successfully to a 

wide range of intact and fractured rock types. The latest version is the Generalized Hoek-Brown (GHB) criterion 

presented by Hoek, et al. [36]. The equations are expressed as follows: 

 

 

 

 

 

 

 

 

 

 

Where,  

   and    are the major and minor principal stresses respectively, and     is Geological Strength Index,     is 
uniaxial compressive strength of the intact rock [kPa],    is a reduced value of the material constant    and is given 

by the equations    is intact rock parameter,   is Disturbance factor. In application to rock engineering projects, it 

should be noted that the Hoek–Brown criterion is suited only to homogeneous, isotropic massive rock with few 

discontinuities or a heavily jointed rock mass [36-41]. The Hoek-Brown criterion used in this study is the 2007 

version of the Hoek-Brown criterion [41]. Comprehensive review of the literature of estimating shear strength of the 
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Hoek-Brown criterion can be found in Carranza-Torres [40]. However, as Brown [39] has noted, deriving exact 

analytical solutions for estimating the shear strength of a rock mass modelled using the GHB criterion has proven to 

be a challenging task due to the complexities associated with mathematical derivation. 

  

3.2.1. Equivalent Mohr–Coulomb Parameters for Hoek-Brown Criterion 
The most geotechnical design calculations are performed with using the Mohr‐Coulomb criterion, it is often 

necessary to calculate equivalent rock mass friction angles and cohesive strengths from the Hoek‐Brown parameters. 

Moreover, most practitioners have more experience, and therefore an intuitive feeling for the physical meanings of 

cohesion and friction, which is not the case. In terms of equivalencies, the parameter for    is related to the 

frictional strength of the rock mass, and  , which is a measure of how fractured the rock mass is, related to the rock 

mass cohesion. These are only descriptive relationships, however. Where Mohr‐Coulomb parameters are required, 

the fitting of the linear Mohr‐Coulomb envelope to the non‐linear Hoek‐Brown envelope results in the following 

equations for friction angle   and cohesive strength  . 
 

 

 

Where,               ⁄ . Note that the value of        represents the upper limit of confining stress over 

which the relationship between the Hoek‐Brown and Mohr‐Coulomb failure envelopes is considered. A best fit of the 

Mohr-Coulomb line in the interval between                  leads to the Mohr-Coulomb parameters ( ,  ). 
The shear strength parameters of the equivalent MC generalized can be calculated by locating the tangent of HB 

envelope with the specified normal stress   , as showed in Figure. 1(a) the slope of the tangent to the HB failure 

envelope gives angle of friction φ and the cohesion c given by the intercept with the shear stress axis  
 

 
Figure-1. (a) Normal and shear stresses for the HB criterion, (b) Major and minor principal stresses for the HB criterion 

                    Source: Jiayi [42] 

 

3.3. Drucker-Prager Failure Criterion 

The Drucker-Prager criterion was suggested by Drucker and Prager in 1952 Yingren, et al. [43] called the 

Extended Von Mises criterion as well, has been widely used  for rock and soil materials and still attracts many 

researchers today [44] it is used to predict failure strength and be employed for plastic potential in continuum 

damage mechanic model. The advantages of the Drucker–Prager criterion are its simplicity and its smooth and, with 

the exception of some of the modified criteria, symmetric failure surface in the stress-space, which facilitate its 

implementation into numerical codes [45]. The Drucker-Prager yield function is given by: 

Where 

 

 

 

 

 

 

 

The strength parameters of the Drucker-Prager model are, Friction coefficient    ; Cohesion   [kPa]. 

 

3.3.1. Equivalent Mohr–Coulomb Parameters for Drucker- Prager Criterion 

The Drucker-Prager and Mohr-Coulomb surfaces can be matched in plane strain, (associated flow rule), as 

illustrated in Figure. 2 by the next parameters: 
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The equivalent   and   are given as function of φ and   in functions (13) and (14), where   and   are the Mohr-

Coulomb parameters. In analyses using an associated flow rule, the Drucker-Prager model with the equivalent Mohr-

Coulomb parameters will produce results identical to the Mohr-Coulomb model. However, in elastoplastic 

calculations, the Drucker-Prager model will lead to a slightly less stiff response than the Mohr-Coulomb model.  

 

 
Figure-2. Drucker-Prager cone and corresponding to Mohr-coulomb criterion in plane strain “associated flow rule”. 

Source:  Materials. Optum G2. Optum Computational Engineering.  Pp 36-38. 2015. 

 

4. Shear Strength Reduction 

An important task in evaluation of soil slope stability is measuring or estimating the strengths of the slopes [46]. 

As we said previously, the strength reduction method (SRM) has been used to compute the factor of safety, and to 

trace the failure slip surface of a slopes, it is also called Phi-c reduction, this technique it is the most used in the 

programs of FEM and FDM to analysis slope stability. This method was used early in 1975 by Zienkiewicz, et al. 

[47] and has since been applied by Naylor [48]; Donald and Giam [49]; Matsui and San [50]; Ugai [51]; Song [52] 

and others. The main advantages of the SRM are as follows: 

 The critical failure surface is found automatically from the application of the gravity loads and/or the 

reduction of shear strength;  

 It requires no assumption on the inter-slice shear force distribution; and it is applicable to many complex 

conditions and can give information such as stresses, movements, and pore pressures. 

 

4.1. Shear Strength Reduction by Mohr–Coulomb Failure Criterion 
The Mohr Coulomb failure criterion, is the most used with the programs of FEM and FDM, for slope stability 

analysis, the SRM decrease gradually the strength parameters (c, φ) of the slope until instability occurs. The safety 

factor by SRM is the ratio between actual strength parameters and critical strength parameters, the corresponding 

formula is: 

  : 

 

Safety of factor;  : Initial cohesive strength; φ: initial internal friction angle;   : reduced cohesive strength; and 

  : reduced internal friction angle. 

 

4.2. Shear Strength Reduction by Hoek-Brown Criterion 
With Hoek-Brown criterion, the parameters reduced in technique of strength reduction analysis are, the uniaxial 

compressive strength of the intact rock (   ); and the intact rock (  ). The resulting factor is the strength based 

factor of safety:  

 

 

 

   is safety factor; the     is the initial uniaxial compressive strength of the intact rock, and    is the initial 

intact rock parameter;(   )  is reduced uniaxial compressive strength of the intact rock; and (  )  is reduced 

intact rock parameter. 

 

4.3. Shear Strength Reduction By Drucker –Prager Criterion 
The parameters reduced in strength reduction analysis, with Drucker-Prager criterion are,   and  , in Figure. 3 is 

induce a state of collapse. The safety factor by the strength reduction analysis is given by: 

 

  

 

   is safety factor; the   is the Friction coefficient;    is reduced Friction coefficient;   is Cohesion;    is 

reduced Cohesion. The method used for the Drucker-Prager criterion is consistent with the one used for the Mohr-

Coulomb criterion. As such, the tensile strength,     is unaffected by the reduction. 
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Figure-3. Original and reduced Drucker-Prager envelopes. 

                                                          Source: Materials. Optum G2. Optum Computational Engineering.  Pp 36-38. 2015. 

 

5. Numerical Example 
In this study, the Mohr-Coulomb, Hoek–Brown, and Drucker-Prager criterion, were used to the slope stability 

analysis, these failure criterions are commonly used to assess the strength slope stability. We consider the slope as 

shown in Figure 4. The results of our criterions are compared. Slope has a single layer, 14 m high and 33 m long, the 

Figure 4 gives all descriptions of this slope. 
 

 
Figure-4. Slope geometry. 

 

The physical and mechanical properties of the slope by our three criterions parameters are presented in the Table 1.  

 
Table-1. Properties physical and mechanical of the slope 

Material Type Mohr-Coulomb Hoek-Brown Drucker-Prager Units 

  30000 30000 30000 KPa 

  0.25 0.25 0.25 - 

  7.8 - - KPa 

  21.2 - - ° 

γdry 22 22 22 KN/m
3
 

γsat 22 22 22 KN/m
3
 

GSI - 5 - - 

σci - 30000 - KPa 

mi - 2 - - 

D - 0 - - 

K   12.33 KPa 

M   0.613  

 

6. Results and Discussion  
In this study, we investigate the slope with three different failure criterions, the first is equivalent Mohr-

Coulomb, the second is the Hoek-Brown criterion, in last Drucker-Prager, and then we compare between their results 

(the safety factor, and the slope surface).The results are presented in the following Figures. 

 

 
Figure-5. The failure surface by Mohr-Coulomb criterion  

 

Figure 5 shows the failure surface in the slope analyzed by the equivalent Mohr-Coulomb criterion. The factor of 

safety value obtained from SSR analysis of this slope is FS=1.022, we noticed this slope is unstable. 
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Figure-6. The displacement increments and mesh deformation by Mohr-Coulomb criterion. 

 

In Figure 6 we have areas of displacement increments and mesh deformation of slope by the equivalent Mohr-

Coulomb criterion, through strength reduction method calculation. 

 

 
Figure-7. Failure surface by Hoek Brown criterion. 

 

Figure 7 shows the mesh of failure surface of our slope, analyzed by Hoek-Brown criterion, the factor of safety 

value obtained by SSR analysis of this slope is FS = 1.766, the safety factor has indicated that the slope is stable. 

 

 
Figure-8. Displacement and deformation by Hoek–Brown criterion. 

 

Figure 8 presents the shape of displacement and slope deformation for the Hoek-Brown criterion. The results 

obtained in this paper indicate many points; such as the factor of safety by Hoek-Brown criterion is upper than the 

factor of safety by Mohr-Coulomb criterion. In addition, the sliding surface of slope by the Hoek-Brown is larger 

than failure surface in the slope analyzed by the equivalent Mohr-Coulomb criterion. 

 

 
Figure-9. Failure surface by Drucker-Prager criterion. 

 

Figure 9 shows the mesh of failure surface of our slope, analyzed by Drucker-Prager criterion equivalent of 

Mohr-Coulomb, the factor of safety value obtained by SSR analysis of this slope is FS = 1.018, we noticed this slope 

is unstable. 

 

 
Figure-10. Displacement and deformation by Drucker-Prager criterion. 

 

Figure 10 presents the shape of displacement for the Drucker-Prager criterion using the technique of shear 

strength reduction. The results of safety factor obtained in this paper by Mohr-Coulomb is similar to equivalent 
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Drucker-Prager, the safety factors have indicated that the slope is unstable. In addition, the sliding surface of our 

slope by Mohr-Coulomb criterion is the same as, surface in the slope analyzed by the equivalent Drucker-Prager 

criterion. 

 

7. Conclusion 
The behavior of soils play an important role in numerical analysis, there are numerous models of behavior of 

soils, from the elastic-plastic model to more sophisticated models that describe almost all aspects of elastic-visco-

plastic behavior of soils, these models have been developed in order to be integrated into software. In this study, the 

discussion centers on the simulations slope stability by three criterions: Mohr-Coulomb, Hoek-Brown, and Drucker-

Prager criteria. This paper has clearly shown many points, we found in our research, the powerful of the finite 

element method, and the advantage of shear strength reduction technique. We can analyze the slope stability by 

numerous criterions. In addition, the non-linear Hoek–Brown criterion is more complex than the Mohr-Coulomb and 

Drucker-Prager, it needs many parameters. The Mohr-Coulomb and Drucker-Prager models are widely used, owing 

to simplicity and easily determinable model parameters, in numerous engineering applications. We also can analyse 

the Mohr-Coulomb by equivalent parameters of Hoek–Brown criterion, and equivalent of Drucker-Prager.  We can 

note also the results of Mohr-Coulomb model are similar to Drucker-Prager model, however the results of Hoek-

Brown criterion are different. The results of safety factor changed by the change of criterions, that mean the 

influence of criterions in the strength reduction method, the shape of slope surface is the same but is not same biggest 

in these three criterions, that confirmed the strength reduction method is effected by these different models of 

behavior of soils. 

 

References 
[1] J. Vaunat, S. Leroueil, and R. Faure, "Slope movements: A geotechnical perspective," in Proc. 7th Congress Int. Assoc. Engng. 

Geol., Lisbon, 1994, pp. 1637-1646. 

[2] S. Leroueil, J. Vaunat, L. Picarelli, J. Locat, R. Faure, and H. Lee, "A geotechnical characterization of slope movements," in Proc. 

7th Int. Symp. On landslides,  Trondheim, 1996, pp. 53-74. 

[3] S. Leroueil and P. Luciano, "Assessment of slope stability," Geotechnical Engineering State of the Art and Practice: Keynote 
Lectures from GeoCongress 2012, vol. 226, p. 122, 2012. 

[4] J. M. Duncan and S. G. Wright, "The accuracy of equilibrium methods of slope stability analysis," Engineering Geology, vol. 16, pp. 

5-17, 1980. 

[5] M. Carol, F. A. Zeena, and H. Peter, "Slope stability analysis-limit equilibrium or the finite element method?," Ground Engineering, 
pp. 22-28, 2014. 

[6] J. M. Duncan, "State of the art: Limit equilibrium and finite-element analysis of slopes," Journal of Geotechnical Engineering, vol. 

122, pp. 577-596, 1996. 

[7] M. S. Zeynadin and K. Behzad, "Traditional methods vs. finite difference method for computing safety factors of slope stability," 
EJGE, vol. 16, pp. 1119-1130, 2011. 

[8] B. Antonio, "Numerical methods in geomechanics," Arabian Journal for Science and Engineering, vol. 35, pp. 27-48, 2010. 

[9] W. Fellenius, "Calculation of stability of earth dams transactions," presented at the 2nd Congress on Large Dams, Washington, DC, 

1936. 
[10] A. W. Bishop, "The use of slip circle in the stability analysis of slopes," Geotechnique, vol. 5, pp. 7-17, 1955. 

[11] N. R. Morgenstern and V. E. Price, "The analysis of the stability of general slip surfaces," Geotechnique, vol. 15, pp. 79-93, 1965. 

[12] E. Spencer, "A method of analysis of the stability of embankments assuming parallel interslice forces," Geotechnique, vol. 17, pp. 

11-26, 1967. 
[13] S. K. Sarma, "Stability analysis of embankment and slopes," Geotechnique, vol. 23, pp. 423-433, 1973. 

[14] N. Janbu, Slope stability computations, embankment-dam engineering, casagrande. Hirschfeld, R.C. and Poulos, J. (Ed.). New York, 

USA: John Wile and Sons, 1973. 

[15] D. Y. Zhu, C. F. Lee, and H. D. Jiang, "Generalized framework of limit equilibrium methods for slope stability analysis [J]," 
Geotechnique, vol. 53, pp. 377-395, 2003. 

[16] B. Erly, L. Hung-Jiun, C. Jianye, and L. Szu-Wei, "Statistics for the calculated safety factors of undrained failure slopes," 

Engineering Geology, vol. 172, pp. 85–94, 2014. 

[17] L. W. Abramson, T. S. Lee, S. Sharma, and G. M. Boyce, Slope stability concepts. Slope stabilisation and stabilisation methods, 2nd 
ed. New York: John Wiley & Sons, Inc, 2002. 

[18] O. C. Zienkiewicz and R. L. Taylor, The finite element method vol. 2. London: McGraw-Hill, 1991. 

[19] M. A. Crisfield, Non-linear finite element analysis of solids and structures. Chichester: John Wiley, 1991. 

[20] E. Hinton and D. R. J. Owen, Finite elements in plasticity: Theory and practice. Swansea, Wales: Pineridge Press, 1980. 

[21] K. J. Bathe, Finite element procedures. New Jersey: Prentice-Hall, 1996. 

[22] D. V. Griffiths and P. A. Lane, "Slope stability analysis by finite elements," Géotechnique, vol. 49, pp. 387-403, 1999. 

[23] L. C. Li, C. A. Tang, W. C. Zhu, and Z. Z. Liang, "Numerical analysis of slope stability based on the gravity increase method," 
Journal of Computers and Geotechnics, vol. 36, pp. 1246-1258, 2009. 

[24] M. Rabie, "Comparison study between traditional and finite element methods for slopes under heavy rainfall," Housing and Building 

National Research Center, pp. 1-9, 2014. 

[25] L. W. Abramson, T. S. Lee, and S. Sharma, Slope stability and stabilization methods. New York: Springer, 1996. 
[26] H. Zheng, L. G. Tham, and D. F. Liu, "On two definitions of the factor of safety commonly used in the finite element slope stability 

analysis," Computers and Geotechnics, vol. 33, pp. 188–195, 2006. 

[27] E. M. Dawson, W. H. Roth, and A. Drescher, "Slope stability analysis by strength reduction," Geotechnique, vol. 49, pp. 835–840, 

1999. 
[28] D. C. Drucker, W. Greenberg, and W. Prager, "The safety factor of an elastic plastic body in plane strain, transactions of the ASME," 

Journal of Applied Mechanics, vol. 73, p. 371, 1951. 

[29] D. C. Drucker and W. Prager, "Soil mechanics and plastic analysis or limit design," Quarterly of Applied Mathematics, vol. 10, pp. 

157–165, 1952. 
[30] J. Chen, J. H. Yin, and C. F. Lee, "A three-dimensional upper-bound approach to slope stability analysis based on RFEM," 

Geotechnique, vol. 55, pp. 549-556, 2005. 

[31] R. L. Michalowski, "Three-dimensional analysis of locally loaded slopes," Geotechnique, vol. 39, pp. 27-38, 1989. 

[32] I. B. Donald and Z. Y. Chen, "Slope stability analysis by the upper bound approach: Fundamentals and methods," Canadian 
Geotechnical Journal, vol. 34, pp. 853-862, 1997. 

[33] R. L. Michalowski, "Stability charts for uniform slopes," Journal of Geotechnical and Geo-environmental Engineering, ASCE, vol. 

128, pp. 351-355, 2002. 

[34] C. Viratjandr and R. L. Michalowski, "Limit analysis of submerged slopes subjected to water drawdown," Canadian Geotechnical 
Journal, vol. 43, pp. 802-814, 2006. 



Asian Engineering Review, 2016, 3(1): 1-9 

9 

 

 

[35] E. Hoek and E. T. Brown, Underground excavations in rock. London: Instn. Min. Metall, 1980. 
[36] E. Hoek, C. Carranza-Torres, and B. Corkum, "Hoek-Brown failure criterion- edition," in Proceedings of NARMS-TAC, Mining 

Innovation and Technology. Toronto, 2002. 

[37] E. Hoek and E. T. Brown, "Empirical strength criterion for rock masses," Journal of Geotechnical and Geoenvironmental 

Engineering 106.ASCE, vol. 106, pp. 1013–1035, 1980. 
[38] E. Hoek and P. Marinos, "A brief history of the development of the hoek–brown failure criterion," Soils Rocks, vol. 30, pp. 85-92, 

2007. 

[39] E. T. Brown, "Estimating the mechanical properties of rock masses. In: Potvin Y, Carter J, Dyskin A, Jeffrey R, editors," in 

Proceedings of the 1st Southern Hemisphere International Rock Mechanics, 2008. 
[40] C. Carranza-Torres, "Some comments on the application of the Hoek–Brown failure criterion for intact rock and rock masses to the 

solution of tunnel and slope problems," MIR, pp. 285-326, 2004. 

[41] E. Hoek, "Practical rock engineering." Retrieved from http://www.rocscience.com, 2007. 

[42] S. Jiayi, "Analytical and numerical analyses for rock slope stability using the generalized Hoek-Brown criterion," A Thesis 
Submitted for the Degree of Doctor of Philosophy. School of Civil, Environmental and Mining Engineering. The University of 

Adelaide. Aistralia, 2013. 

[43] Z. Yingren, T. Xiaosong, Z. Shangyi, D. Chujian, and L. Wenjie, "Strength reduction and step-loading finite element approaches in 

geotechnical engineering," Journal of Rock Mechanics and Geotechnical Engineering, vol. 1, pp. 21-30, 2009. 
[44] M. Hjiaj, J. Fortin, and G. De Saxce, "A complete stress update algorithm for the non-associated Drucker-Prager model including 

treatment of the apex," International Journal of Engineering Science, vol. 41, pp. 1109–1143, 2003. 

[45] A. Cividini, Constitutive behaviour and numerical modelling. In: Hudson J (Ed), Comprehensive rock engineering  vol. 1. Oxford: 

Pergamon Press, 1993. 
[46] D. J. Michael and W. G. Stephen, Soil strength and slope stability. New York: John Wiley & Sons, 2005. 

[47] O. C. Zienkiewicz, C. Humpheson, and R. W. Lewis, "Associated and non-associatedvisco-plasticity and plasticity in soil 

mechanics," Geotechnique, vol. 25, pp. 671–689, 1975. 

[48] D. J. Naylor, "Finite elements and slope stability," in Proceedings of the NATO Advanced Study Institute, Lisbon, Portugal, Numer. 
Methods Geomech, 1982, pp. 229–244. 

[49] I. B. Donald and S. K. Giam, "Application of the nodal displacement method to slope stability analysis," in Proceedings of the 5th 

Australia– New Zealand Conference on Geomechanics, Sydney, Australia, 1988, pp. 456–460. 

[50] T. Matsui and K. C. San, "Finite element slope stability analysis by shear strength reduction technique," Soils and Foundations, vol. 
32, pp. 59–70, 1992. 

[51] K. Ugai, "A method of calculation of total factor of safety of slopes by elastoplastic FEM," Soils Foundations, vol. 29, pp. 190–195, 

1989. 

[52] E. Song, "Finite element analysis of safety factor for soil structures," Chinese Journal of Geotechnical Engineering, vol. 19, pp. 1–7, 
1997. 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 

 
 

 

 
Asian Online Journal Publishing Group is not responsible or answerable for any loss, damage or liability, etc. caused in relation to/arising out of the use of the 

content. Any queries should be directed to the corresponding author of the article. 
 

http://www.rocscience.com,/

