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ABSTRACT: For safe design of a man made or natural slopes, stability analysis of slopes is carried out using various 

conventional methods. In these methods factor of safety is considered to be greater than or equal to one for stable slopes. 

Natural disasters like landslides are caused due to sudden and discontinuous phenomenon of slopes failures. But in 

practice the failures may occur even when the factor of safety is greater than 1, as in the case of landslides. To overcome 

these situations catastrophe theory can be used where conventional stability analysis methods have certain limitations to 

analyze these type of slope failures. In the present paper, the stability analysis of landslides using catastrophe theory for   a 

mathematical model with planar sliding slope is carried out. Instability mechanism of slope is based on the material 

stiffness along the sliding slope. Critical factor of safety of the slope depends on the stiffness of the soil medium. 
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1   INTRODUCTION 

Landslide is a natural disaster that threatens the human 

life, property and restricts socioeconomic development 

of a local region. Landslide evolution mechanism has 

been studied to satisfy the increasing demand for 

disaster mitigation and control. In addition to geologic 

and geomorphologic conditions, it is the rainfall that 

was the meteorological cause for landslides or debris 

flow to occur in many cases.  

In slope stability analysis though many methods have 

been developed, but failed to predict mechanism of 

catastrophic failures like landslides. According to Qin 

et al. 2001(b) in practical two strange cases of 

landslides that is, landslide occurs when the factor of 

safety is greater than one and landslide does not occur 

when factor of safety is less than one. Catastrophe 

theory (Rene Thom, 1960) is one of its kind which 

describes the sudden and dramatic failure of slopes as 

in the case of landslides. This mathematical theory 

studies and classifies the small sudden changes which 

occur at unpredictable timing and also the magnitude 

of a landslide. Catastrophe theory can reflect the real 

situation (Yang et al., 2008) when compared to the 

limit equilibrium methods. In rock mass stability 

analysis the application of catastrophe theory is vastly 

carried out (Jiang-Teng et al., 2005, Zhang Jixun et al., 

2014). The effect of local precipitation and human 

activity on intensity of landslides is studied using cusp 

catastrophe theory (Yun Tao et al., 2013). The cusp 

catastrophe model which is one fundamental type of 

catastrophe theory was characterized by sudden and 

smooth changes, divergent and bimodal behaviors, 

hysteresis, and stability of structure. Among various 

applications, the cusp catastrophe theory plays a vital 

role in landslide analysis. In Figure 1, the cusp model 

is presented where gradual potential decrease takes 

place along the smooth equilibrium surface and the 

control space consists of two control parameters. It is 

understood from the model that the failure doesn’t 

occur instantly as soon as the displacement occurs 

along the failure slope. But, fails at certain 

displacement which is defined in the potential function 

equation of the mechanical model. 

 

            Fig.1 Cusp Catastrophe model 

2   LANDSLIDE MODEL 

A mechanical model of planar sliding slope is 

considered, which is an inhomogeneous intercalation 
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composed of two media with different strengths, where 

one media is elastic medium and the other is elasto-

plastic medium. Assuming that the sliding slope 

surface is inclined at β with horizontal and the soil 

mass above a sliding surface is a rigid mass (Fig. 2).  

 

 

Fig.2 Landslide mechanical model of planar sliding slope 

 

The potential function equation for the mechanical 

model is developed based on governing equations 

given by Qin et al. 2001(b), in which the 

inhomogeneous intercalation is composed of strain 

softening medium. In the present paper, instead of 

strain softening it is considered as elasto-plastic to 

stimulate a different field condition. The overall 

potential energy (𝑉) of the system is given by,  
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Where 𝐺𝑒𝑝  is the initial shear modulus; 𝐺𝑒  is the shear 

modulus; 𝑢 is displacement; 𝑢𝑜 is the displacement 

value at peak stress (Fig. 3); α is the displacement 

factor; 𝑙𝑒𝑝 and 𝑙𝑒 are lengths of the sliding surface for 

the elasto-plastic medium and elasto-brittle medium 

respectively; H is the height of the rock mass, h is the 

thickness of the intercalation, 𝛽 is the failure slope 

angle and 𝑚𝑔 is the weight of the rock mass.  

From Eq. 1 the necessary cusp condition is derived for 

displacement ratio (u/uo) in terms of displacement 

factor (α) to define the stiffness ratio (k).   The stiffness 

ratio is defined as the stiffness of elastic media to the 

stiffness of the elasto-plastic media. Stiffness of the 

soil medium is based on the shear modulus of soil and 

the lengths of the medium. 
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Stiffness ratio (k≤1) is the required condition for 

catastrophic landslide occurrence according to cusp  

theory. At cusp, the displacement ratio (u/uo) is 

assumed to be 2. The critical factor of safety (FSc) 

defined by the ratio of the resisting force to the driving 

force at displacement 𝑢 is,  

𝐹𝑆𝑐 =
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The factor of safety is based on the stiffness property 

of soil at failure. The failure mechanism of landslides 

with critical factor of safety greater than one is 

discussed in the proceeding section. 

 

 

Fig. 3 Shear stress vs displacement curve for two media  

 

3    RESULTS AND DISCUSSIONS 

The critical factor of safety (FSc) depends on the 

stiffness ratio (k) and the displacement ratio (u/uo). The 

effect of various parameters such as lengths ratio (le/lep) 

and displacement factor (α) on k is analyzed. Hence, 

parametric study has been carried out to know the 

effect of various parameters on critical factor of safety 

(FSc). 
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Fig. 4 Shear Stress variation with respect to displacement 

ratio (u/uo) with different displacement factors 

 

 

 

Fig. 5 Variation of Stiffness ratio with lengths ratio for 

various displacement factors 

 

Fig. 6 Variation of Stiffness ratio with displacement 

factor for varying lengths ratio values 

The displacement factor (α) is used in evaluation of the 

shear stress of medium 2, to predict soil behavior under 

various loading conditions and describes the behavior 

of the curve after peak stresses. This stress distribution 

will be more relevant in landslide analysis for field 

stimulation. In Figure 4, the variation of shear stresses 

(τ) versus displacement ratio (u/uo) for different 

displacement factors (α) is plotted. From figure 4, it is 

observed that as α is increasing the shear stress is 

decreasing gradually and also decreases with increase 

in u/uo. As u/uo is increasing it implies that the strain 

softening of the soil increases, thus increasing the 

percolation of rain water affecting the shear stresses.  

Figure 5 shows the variation of stiffness ratio with 

respect to length ratio for various displacement factors 

(α).  The stiffness ratio increases linearly with length 

ratio and displacement factor. The lengths ratio (le/lep) 

depends on the planar sliding slope of inclination (β). 

The increase in le/lep ratio, results in increase of 

stiffness ratio along the sliding plane. According to 

cusp theory, if k ≥1implies that the slope is stable. In 

this graph, k ≥1 at certain le/lep ratio, still slope fails due 

to seepage of rainwater.  In such rainfall induced 

landslides, the shear modulus of soil media varies 

based on the pore water pressure resulting decrease in 

k≤1.  

Figure 6, shows the variation of stiffness ratio (k) with 

displacement factor for various length ratios (le/lep) at 

shear modulus ratio (Ge/Gep=1) and displacement ratio 

(u/uo=2).  It is understood that,   as α increases the 

stiffness ratio decreases non-linearly and also with 

decrease in length ratio. The le/lep ratio decreases with 

increase in length of medium 2 along the intercalation 

plane making the slope prone to a landslide. The 

stiffness ratio is directly dependent on le/lep ratio, that is 

why landslide occurs only when le < lep. 

 

 

 

Fig. 7 Critical factor of safety versus displacement ratio 

for different displacement factor (α) values 

 

Fig. 8 Critical factor of safety versus length ratio for 

different displacement factors (α)  

The critical factor of safety (FSc) variation with 

displacement ratio (u/uo) for varying α value is shown 

in Figure 7. The critical factor of safety decreases with 
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increase in displacement ratio (u/uo) and α. The 

increase in displacement ratio is possible when the 

shear stress along the sliding plane decreases due to 

various loading conditions. The displacement factor (α) 

is high for dense soil which indicates that the 

displacement increases along the failure slope and 

decreasing the critical factor of safety.   Even though 

the FSc =1.37, for α=0.6 and u/uo= 2, there is a 

probability of landslide occurrence according to cusp 

theory.  

In Figure 8, the effect of length ratio on critical factor 

of safety for varying displacement factor is studied. It 

is analyzed that the critical factor of safety (FSc) is 

decreasing with increase in length ratio (le/lep) and 

displacement factor (α). The slope is assumed to be 

unstable up to an FSc =1.71 at le/lep= 0.1 and α=0.2. But 

when le/lep= 0.5 and α=0.2, the FSc =1.06, which says 

that the slope is stable, if FSc ≥1.06. As the le length 

increases the maximum shear stresses also increases 

resulting decrease in the critical factor of safety. The 

length of the elastic medium (le) on the failure plane, 

will increase when the percolation of rain water is less 

due to less porosity. 

 

 

4   CONCLUSIONS 

 

 The instability mechanism of a landslide 

using cusp theory gives insight of critical 

factor of safety, which is based on stiffness 

ratio and displacement of the sliding plane.  

 Using the cusp mathematical model, the 

displacement criterion is more relevant to 

field conditions to determine the instability 

mechanism of the planar sliding slope.  

 This method is used to predict the instability 

of landslides with critical factor of safety 

greater than one. 

 The stiffness ratio increases with increase in 

le/lep ratio and displacement factor (α). As 

stiffness ratio is increasing the critical factor 

of safety decreases gradually with increasing 

the stability of the slope structure. 
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