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Abstract. The design of various geotechnical engineering structures within/over 

a rockmass slope necessitates evaluating the stability. Despite numerous re- 

search, the problem of rockmass slopes still presents significant challenges to the 

designers. The numerical methods use the strength reduction method to evaluate 

the factor of safety (FoS) for a rock slope, where the stability analysis is per- 

formed by reducing the shear strength of rockmass in stages until the collapse 

occurs. In this study, the finite element limit analysis is performed for rockmass 

slope stability using Optum G2. The strength reduction method is used to evalu- 

ate the stability of rockmass slope using non-linear Hoek-Brown failure model. 

The sensitivity analysis is performed to determine the effect of various parame- 

ters of rockmass on the FoS. The parameters considered are: geological strength 

index (GSI), material constant (mi), uniaxial compressive strength (σci), unit 

weight (γ), elasticity modulus (E), Poisson’s ratio (ν), slope height (H) and slope 

inclination (i). The results are represented in the form of spider plot and tornado 

plot to arrive at the sensitivity of each parameter considered in the study. Based 

on the study it is found that the FoS of rockmass slope is dependent on GSI, mi, 

σci, γ, H and i, and is independent of E and ν. 

 
Keywords: Finite element limit analysis, Sensitivity analysis, Rockmass slope, 

Strength reduction method, Hoek-Brown failure model, Factor of safety 

 

1 Introduction 
 

The presence of slope presents a significant challenge to the geotechnical engineers for 

the design of geotechnical structures. The analysis of soil mass slope has been exten- 

sively investigated, however the rockmass slopes still continue to be a major source of 

concern. The stability of slopes is often evaluated by the factor of safety. Limit equilib- 

rium methods (LEM) like method of slices [1], Bishop’s method [2], Janbu’s method 

[3], Morgenstern and Prince’s method [4], Spencer’s method [5] use different method- 

ologies to arrive at the factor of safety of a slope. However, all of them have the same 

basic definition of factor of safety as the ratio of shear strength to the shear stress. The 

conventional limit equilibrium methods do not account for the constitutive relationship 

between the stress and strain and also do not take into account the compatibility be- 

tween the strain and displacement [6]. Finite element method can be used to overcome 
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these drawbacks effectively. The versatile capability of finite element analysis includes 

modelling various aspects of real situations, namely nonlinear stress-strain behaviour, 

stress-dependent stress-strain behaviour, sequential changes in geometry during con- 

struction, and dissipation of pore pressures following the construction [7]. The finite 

element method is widely used method for examining the stability of slopes. Also, the 

fact that prior assumptions aren’t required for analysis gives FEM an edge over LEM 

[8]. 

Finite element method (FEM) uses the strength reduction method, introduced by 

Zienkiewicz et al. [9] to evaluate the factor of safety (FoS). In the strength reduction 

method, the shear strength of soil is reduced in stages until the collapse occurs. The 

factor of safety is defined as the ratio of initial/available shear strength to the shear 

strength causing the failure [7, 10, 11, 12, 13, 14, 15]. For a case of soil slope, soil has 

been modelled considering the Mohr-Coulomb criteria. However, rocks generally have 

nonlinear failure characteristics, and the Hoek-Brown model can be used to model the 

rock slopes. Hoek-Brown criterion is an empirical failure criterion that estimates the 

strength of rockmass from laboratory test data and field observations. Hoek-Brown cri- 

terion is the most suitable and widely accepted criterion to investigate the rockmass, 

especially for studying the stability of rockmass slopes which has significant nonlinear 

characteristics [16, 17, 18, 19, 20, 21, 22]. Finite element limit analysis (FELA) is a 

versatile program which evaluates the stability considering upper bound and lower 

bound solutions. Therefore, in the study, the FELA is used to evaluate the stability of 

rockmass slope. 

The factor of safety of a slope depends on numerous parameters such as geometry 

of slope, material properties of rockmass and external effects i.e., presence of ground- 

water table, rainfall, vegetation, etc. For reliability analysis of slopes, there is a need to 

evaluate the sensitivity of each parameter affecting the stability of slope [23, 24]. Sen- 

sitivity analysis is used to quantify the effect of each parameter on the outcome i.e., 

FoS in case of slope stability. The sensitivity analysis can help in examining and quan- 

tifying the parameters on which the factor of safety is most and/or least dependent [25, 

26]. For a homogeneous slope, the sensitivity analysis is performed by Cheng and Jiang 

[26], Siddique and Pradhan [24], Ramanandan and Dodagoudar [27], Karthik et al. [25]. 

However, the sensitivity analysis of rockmass slope is not investigated in detail. 

In this study, a sensitivity analysis of stability of rockmass slope, considering the 

Hoek-Brown criterion, is performed using finite element limit analysis. The rockmass 

is modelled as a plane strain problem considering the Hoek-Brown material model. The 

sensitivity analysis is performed to determine the effect of various parameters of rock- 

mass (i.e., strength parameters: GSI, mi, σci and γ, deformation parameters: E and ν, and 

geometrical parameters: i and H) on the stability of the rockmass slope (i.e., factor of 

safety). The results are presented as variation of FoS with change in each parameter, 

and then the results are represented as spider plot and tornado plot. 
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2 Finite Element Limit Analysis 

 
2.1 FELA Model 

In the study, the finite element limit analysis software Optum G2 is used to perform the 

sensitivity analysis. The slope is modelled considering the plane strain nature of the 

problem. The finite element (FE) domain is adopted such that the formation of slope 

failure is within the FE domain, so as to avoid the boundary effects. The effect of dis- 

turbance factor of the rock mass was not considered in the study. The Optum G2 uses 

adaptive mesh technique in which the mesh refines based on the formation of failure 

zone. 
 

 

 

Fig. 1. FELA model and schematic of rockmass slope depicting the material properties, geo- 

metrical properties, adaptive mesh and boundary conditions 

 
 

Table 1. Comparison of FoS of rockmass slope 
 

Method FoS Reference 

Direct Reduction 1.15 Wei et al. [28] 

Globally Lowering Envelop 1.28  

Integral Linearization 1.18  

Local Linearization 1.42  

LEM 1.242  

FELA 1.241 Present Study 

 

2.2 Validation 

For validation purpose, the FELA model of rockmass slope is assigned with the input 

parameters as given by Wei et al. [28]. The parameters considered for validation model 

are: GSI = 5, mi = 2, E = 30 MPa, ν = 0.3, σci = 30 MPa, γ = 25 kN/m3, i = 45°, H = 10 
m. The result obtained from the analysis in Optum G2 is validated by comparing the 
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results with the published results. The present study results are compared with results 

available in literature and shown in Table 1. Based on the comparison it is noted that 

the finite element limit analysis results are found to match well with the FoS reported 

by Wei et al. [28]. 

 
2.3 Sensitivity Analysis 

In the same validated model, the input parameters are revised as: GSI = 50, mi = 20, E 
= 30 MPa, ν = 0.2, σci = 1100 kPa, γ = 27 kN/m3, i = 45°, H = 10 m. The factor of safety 

is evaluated for the rockmass slope by varying only one parameter and keeping the 

other parameters as constant. The variation in each parameter considered for the study 

is provided in the Table 2. The effect of variation in the depth of foundation or the base 

height, D is insignificant [25, 8] and hence, the variation in D is not considered in the 

study i.e., the D is kept constant as D = 10 m. 

 
Table 2. The variation of the input parameters in the finite element limit analysis 

 

Parameter Value 

GSI 5, 25, 50, 75, 100 

mi 5, 10, 20, 30, 35 

γ (kN/m3) 21, 24, 27, 30, 33 

σci (kPa) 700, 900, 1100, 1300, 1500 

E (MPa) 20, 30, 40, 50 

ν 0.1, 0.2, 0.3, 0.4 

i (°) 30, 45, 60 

H (m) 5, 10, 15 
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Fig. 2. Variation in FoS of the rockmass slope with varying strength parameters: (a) GSI (b) 

mi (c) σci (d) γ 

 

3 Results and Discussion 

 
3.1 Effect of Strength Parameters 

Figure 2 provides the variation in the FoS with variation in GSI = 5 to 100, mi = 5 to 

35, γ = 21 to 33 kN/m3, and σci = 700 to 1500 kPa. From the figure, it is observed that 

the FoS of the rockmass slope increases with increase in the geological strength index 

(GSI), material constant (mi) and uniaxial compressive strength (σci) of the rockmass. 

Thus, it can be inferred that the stability of the slope in rockmass is high in rockmass 
having higher GSI, mi, and σci. However, the FoS of the rockmass slope decreases with 

the increase in the unit weight (γ) of the rockmass. Thus, the stability of the rockmass 
slope is lower for heavy rockmass slopes. 
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3.2 Effect of Deformation Parameters 

Figure 3 provides the variation of FoS with variation in modulus of elasticity, E and 

Poisson’s ratio, ν. From the figure it is observed that the FoS of the rockmass slope 
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does not vary with increase in the modulus of elasticity and the Poisson’s ratio of the 

rockmass. Thus, it can be inferred that the stability of the rockmass slope evaluated 

using FELA is independent of E and ν of the rockmass. Similar observations were re- 

ported by Karthik et al. [25] and Ramanandan and Dodagoudar [27] in case of soil 

slopes, that the FoS remains the same with change in E and ν values. 
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Fig. 4. Variation in FoS of the rockmass slope with varying geometrical parameters: (a) i (b) 

H 

 

3.3 Effect of Geometrical Parameters 

Figure 4 provides the variation of FoS for varying geometrical parameters, i and H. 

From the figure it is observed that the FoS of the rockmass slope decreases with in- 

crease in the slope angle and height of the slope. Thus, it can be inferred that the sta- 

bility of the rockmass slope is high in case of gentle/mild slopes compared to steeper 

slopes and slopes having smaller height. 

 
3.4 Spider and Tornado Representation 

 
A spider plot is a simple way of studying the results of sensitivity analysis. It helps in 

interpreting the effect of uncertainty of each parameter on the FoS on the same graph 

[27]. The spider plot of the sensitivity analysis carried out in the present study is shown 

in Fig. 5. It can be inferred from the spider plot that the factor of safety of a rockmass 

slope is dependent on the geological strength index, material constant, unit weight, uni- 

axial compressive strength of the rockmass, the height of slope and the slope angle and 

is independent of the modulus of elasticity and Poisson’s ratio of the rockmass. 

To understand the sensitivity of each parameter affecting the factor of safety of the 

rockmass slopes, a tornado representation of the sensitivity analysis results is plotted 

and presented in Fig. 6. The tornado plot represents the parameters to which the re- 

sponse parameter is most and least sensitive [5, 29]. It can be inferred from the tornado 

plot that the factor of safety of a rockmass slope is most sensitive to the GSI of the 

rockmass followed by the slope angle, slope height, unit weight, material constant and 

uniaxial compressive strength of the rockmass and it is insensitive to the deformation 

parameters (E and ν) of the rockmass. 
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4 Conclusions 
 

The finite element limit analysis (FELA) of the rockmass slope is carried out using the 

FELA software Optum G2. The FELA model was validated by comparing the present 

study results with the published literature. Then using the same validated model, the 

factors of safety corresponding to varying parameters were evaluated by performing 

the sensitivity analysis. The effect of the strength, deformation and geometrical param- 

eters of the rockmass slope on the factor of safety of the rockmass slope is investigated. 

The results obtained from the study are represented in the form of spider plot and tor- 

nado plot to quantify the influence of each parameter on the factor of safety. The fol- 

lowing conclusions are drawn from the present study: 

1. The stability of rockmass slope is affected by the geological strength index, material 

constant, uniaxial compressive strength, unit weight of the rockmass and the height 

and inclination of the slope. However, the stability is unaffected corresponding to 

the variations in the modulus of elasticity and Poisson’s ratio of the rockmass. 

2. The factor of safety of the rockmass slope (i.e., the stability) increases with increase 

in geological strength index, material constant and uniaxial compressive strength of 

the rockmass and decreases with increase in unit weight of the rockmass, inclination 

and height of the slope. 

3. The stability of rockmass slope is most sensitive to the geological strength index of 

the rockmass and is least sensitive (insensitive) to the modulus of elasticity and 

Poisson’s ratio of the rockmass. 
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