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Abstract  
 

The critical failure surface for a given slope can be determined by comparing factor of safety of several trial slip surfaces. 

To find the minimum factor of safety, it is important to get critical failure surface for the given slope. Different searching 

and optimization methods that had the difficulty in using them for hand calculations have been used in the past. In this 

study, effect of soil strength parameters; cohesion (c), internal friction angle (ϕ), and unit weight () on the failure surface 

and factor of safety of the slope were studied. GEO5 software program were used to calculate the length of failure and 

determine the critical failure surface. An equation was introduced in to locate the critical failure surface by using soils 

strength and slope geometry parameters. The results of the study showed that the factor of safety of the slope changes 

with varying cohesion c, internal friction angle ϕ, and the unit weight  of the soil. Moreover, the slip surface is affected 

by the dimensionless function (), which is related to the cohesion, internal friction angle and unit weight. Model was 

introduced in to locate the critical failure surface by using soils strength and slope geometry. 
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INTRODUCTION 
Calculating the safety factor of slopes is 

important in a number of engineering applications. 

These include natural slopes and manmade slopes such 

as embankments, earth dams, hydraulically constructed 

dams, etc. In recent years finite element methods have 

been developed for slope stability analyses [1, 2], but 

limiting equilibrium methods are still widely used. One 

of the major advantages of limiting equilibrium 

methods is that a single numerical value is calculated to 

give an indication of the „„safety‟‟ against failure of the 

slope under consideration. This value is often called the 

„„factor of safety‟‟. The factor of safety simplifies the 

interpretation of the analysis results as only one number 

has to be evaluated. Numerous definitions of the factor 

of safety have been proposed to date [3].  

 

Limiting equilibrium methods require the 

critical failure surface to be determined as part of the 

analysis. The critical failure surface is defined as the 

surface for which the factor of safety is a minimum and 

the majority of analysis techniques require a priori 

assumptions with regard to the geometry of the failure 

surface. Search techniques suitable to find the critical 

failure surface for such regular shaped failure surfaces 

include random methods [4, 5] and grid contour 

methods [6, 7]. Other examples include a method 

developed by Carter [8] which searches for non-circular 

surfaces generated by a Fibonacci series. For non-

homogeneous slopes with a weak layer, Siegel [9] 

developed a random method where movement of failure 

surface nodes are restricted within specified zones. 

Some methods have been developed which do not 

require a priori assumptions with regard to the shape of 

the failure surface. These methods vary with respect to 

the restrictions on the failure surface geometry and 

boundary conditions. Revilla and Castillo [10] used 

calculus of variations to find critical non-regular failure 

surfaces for slope stability problems. 

 

Nguyen [11] developed a method where the 

factor of safety is formulated as a multivariate function 

F(x) with the independent variables x describing the 

geometry of the failure surface, which can be circular or 

non-circular. Celestine and Duncan [12] used the same 

approach for non-circular failure surfaces, but used the 

alternating-variable optimization technique. Li and 

White [13] proposed a more efficient one-dimensional 
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optimization technique to replace the quadratic 

interpolation method which Celestine and Duncan [12] 

used in the alternating-variable technique. Baker [14] 

defined the failure surface by a number of nodal points 

connected by straight lines. Recently, workers have 

addressed the problem by using a genetic algorithm that 

determines the critical slip surface for a multiple wedge 

stability analysis [15]. 

 

MATERIALS AND METHODS 
In this study, different number of soil types 

with different strength parameters has been used to be 

analyzed. In order to generate models with enough 

accuracy in finding the relation between the soil 

strength parameters and the failure surface different soil 

types with small changes in soil strength parameters 

were selected and analyzed. The effect of water table is 

neglected by assuming the soil is dry. 

 

The effect of unit weight (), cohesion (𝑐), and 

the internal friction angle 𝜙 of the soil is studied on the 

factor of safety and the location of the failure surface 

will be determined by using the same soil parameters. 

The sufficient numbers of slopes will be modeled with 

varying soil shear strength parameters, unit weights, 

and slope geometry in order to create a database of 

failure surfaces regarding these slope parameters. 

Multi-variable regression was carried out in the 

database created in the second part of the study, to find 

a numerical formula to locate the failure surface. The 

study was performed by using the GEO5 software; 

Slope-Stability v16.The result of analyzing each model 

was entered and stored into latest version of Microsoft 

Excel a spread sheet program. After this step, using this 

software, different figures will be generated. Using 

Statistical Package for the Social Sciences (SPSS), 

regression was carried out in order to find a relation 

between input and output data. 

 

RESULTS AND DISCUSSIONS 
Effect of Soil Strength and Geometry Parameters on 

Factor of Safety 

Three series of modelling have been 

performed. In each set of models, one of the parameters 

varied while the other two remained constant. These 

models have been studied to see if there is any 

correlation between soil strength parameters and the 

position of the failure surfaces. 

 

Effect of Unit weight, γ on the factor of safety, FS 

To study the effect of unit weight on the factor 

of safety, the unit weight values varying from 15-30 

kN/m3 were chosen while the cohesion and the internal 

friction angle were taken as 30 kPa and 30 degrees, 

respectively. 

 

Effect of Cohesion, c on the Factor of Safety, FS 

With the aim of studying the influence of 

cohesion, c on the factor of safety of the soil, different 

values of c changing from 30 to 15 kPa were chosen, 

while the unit weight of the soil and the friction angle 

were kept constant at 30 kN/m3 and 30 degrees, 

respectively. 

 

Table-1: Effect of Unit weight, γ on the factor of safety, FS 

Model No Unit Weight (kN/m3) Factor of Safety 

1 15 2.29 

2 20 1.81 

3 25 1.55 

4 30 1.31 

 

Table-2: The factor of safety for varying cohesion values 

Model No Cohesion (kPa) Factor of Safety 

1 30 1.31 

2 25 1.18 

3 30 1.01 

4 15 0.83 

 

Table-1 above shows that as the unit weight of 

the soil increased, the factor of safety values was 

decreased because of the unit weight which is the main 

cause of the driving forces. Table-2 above shows that 

factor of safety decreases by reducing the value of 

cohesion. Since cohesion is one of the resisting forces, 

the obtained result is in harmony with the theory. 

 

Effect of Friction Angle (φ) on the Factor of Safety, 

FS 

To observe the influence of friction angle, 

cohesion is fixed to 30 kPa and the unit weight remains 

at 30 kN/m3 while friction angle decreases from 30 to 

15 degrees. 

 

Effect of Slope Geometry on the Factor of Safety 

With the intention of observing the effect of 

slope shape on the factor of safety, four different slope 

shapes have been analysed with constant soil strength 

parameters: c=15 kPa, γ=15 kN/m3, and φ = 15. The 

result shows that the Factor of safety 1.49, 1.40, 1.20 

and 1.14 for Shape No 1, 2, 3 and 4 respectively.  
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Table-3: The factor of safety for varying friction angle values 

Model No Friction Angle (°) Factor of Safety 

1 30 1.31 

2 25 1.18 

3 20 1.01 

4 15 0.83 

 
Fig-1: Effect of Slope Geometry on FS, Model 

 

Table-3 shows that factor of safety decreases 

by dropping the value of internal friction angle; again 

this is normal since friction is the other resisting force. 

 

Considering cases Number 1 and 2 together, 

and 3 and 4 together (Figure-1), it is observed that 

increasing the angle of surface soil (Alpha–see Fig-1) 

will cause the slope to be less stable; this might be 

because of the fact that this amount of added soil to the 

top part will act like an overhead load increasing the 

driving force and causing the factor of safety to 

decrease. 

 

On the other hand, considering cases Number 

1 and 3 together, and 2 and 4 together, it is observed 

that decreasing the slope angle (Beta), will cause the 

slope to be more stable; this might be because of the 

fact that by decreasing this angle, the length of arc is 

increasing and this will lead to a more resisting force 

which will make the factor of safety increase. 

 

Effect of Soil Strength and Geometry Parameters on 

Slip Surface 

Based on section 3.1 above, it is predictable 

that there should be a correlation of soil strength 

parameters and slope geometry with the failure surface. 

In order to analyse this condition, numerous models 

have been generated using GEO5 software. The 

function of cohesion c, internal friction angle φ, unit 

weight𝛾 and height of the slope h as [16]:  

λ = 
 

          
 …………………….. (1) 

 

The output data is the factor of safety, 

coordinates of centre of the slip circle and the radius of 

the circular failure surface. To find the length of failure 

slip and locating the entry point in the slope area, the 

circles were drawn by using AutoCAD software. 

 

 
Fig-2: Slope model geometry 
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Figure-2 shows the general shape of the 

geometry of the slope that was used in the first 72 of the 

models (before studying the slope geometry). The 

generated models have been analyzed by considering 

different soil unit weight and shear strength parameters. 

The details of these parameters are given and discussed 

in the upcoming sections. 

 

Effect of Cohesion, c on the Slip Surface 

In this part, the soil‟s unit weight and friction 

angle remained constant at 15 kN/m3 and 15° 

respectively, and the cohesion varied from 15 to 32 kPa. 

 

Table-4: Models, Cohesion (C) values selected for the Slip Surface Analyses 

Model 

No 

Cohesion 

(kPa) 

λ Entry Point 

Distance, l (m) 

Length of 

Failure Arc (m) 

Factor of 

Safety 

1 15 0.75 2.92 5.90 1.08 

2 16 0.80 2.97 5.93 1.14 

3 17 0.85 3.05 5.99 1.21 

4 18 0.90 3.13 6.10 1.26 

5 19 0.96 3.27 6.03 1.33 

6 20 1.01 3.23 6.16 1.39 

7 21 1.06 3.29 6.17 1.45 

8 22 1.11 3.24 6.17 1.50 

9 23 1.16 3.26 6.18 1.56 

10 24 1.21 3.33 6.27 1.63 

11 25 1.26 3.38 6.31 1.69 

12 26 1.31 3.47 6.37 1.75 

13 27 1.36 3.40 6.34 1.81 

14 28 1.41 3.44 6.32 1.81 

15 29 1.46 3.56 6.44 1.87 

16 30 1.51 3.74 6.56 2.00 

17 31 1.56 3.52 6.44 2.06 

18 32 1.61 3.57 6.51 2.11 

 

Effect of Internal Friction Angle, φ on the Slip Surface 

In this part, cohesion and unit weight remained constant at 15 kPa and 15 kN/m
3
 respectively, while the friction 

angle varied from 16° to 32°. 

 

Table-5: Models, Internal Friction Angles Chosen for the Slip Surface Analyses 

Model 

No 

Friction 

Angle (°) 

λ Entry Point 

Distance, l (m) 

Length of 

Failure Arc (m) 

Factor of 

Safety 

1 16 0.70 2.81 5.78 1.09 

2 17 0.66 2.76 5.76 1.11 

3 18 0.62 2.71 5.71 1.12 

4 19 0.58 2.71 5.71 1.13 

5 20 0.55 2.66 5.66 1.14 

6 21 0.52 2.59 5.59 1.16 

7 22 0.50 2.50 5.52 1.16 

8 23 0.47 2.57 5.57 1.19 

9 24 0.45 2.54 5.55 1.20 

10 25 0.43 2.47 5.49 1.22 

11 26 0.41 2.40 5.42 1.22 

12 27 0.39 2.25 5.31 1.24 

13 28 0.38 2.24 5.30 1.25 

14 29 0.36 3.44 5.36 1.27 

15 30 0.35 3.56 5.29 1.28 

16 31 0.33 3.74 5.23 1.29 

17 32 0.32 3.52 5.27 1.31 

 

Effect of Unit Weight, φ on the Slip Surface 

In this part, cohesion and friction angle remained constant at 15 kPa and 15°, while the unit weight varied from 

16 - 31 kN/m
3
. 
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Table-6: Models, Unit Weight Values Selected for the Slip Surface Analyses 

Model 

No 

Unit 

Weight 

(kN/m3) 

Friction 

Angle (°) 

Cohesion 

(kPa) 

λ Entry Point 

Distance, l 

(m) 

Length of 

Failure 

Arc (m) 

Factor 

of 

Safety 

1 16 15 15 0.71 2.79 5.80 1.02 

2 17 15 15 0.66 2.74 5.78 0.97 

3 18 15 15 0.63 2.73 5.74 0.93 

4 19 15 15 0.59 2.68 5.71 0.89 

5 21 15 15 0.54 2.60 5.68 0.82 

6 23 15 15 0.49 2.52 5.61 0.77 

7 25 15 15 0.45 2.48 5.54 0.73 

8 27 15 15 0.42 2.47 5.50 0.68 

9 29 15 15 0.39 2.23 5.49 0.65 

 10 31 15 15 0.36 2.83 5.28 0.61 

 

Effect of Cohesion (c) and Unit Weight (on the Slip Surface 

In this part, the friction angle remained constant at 15° and for cohesion and unit weight, the values were varied 

from 16 to 31 for both parameters. 

 

Table-7: Models, Unit Weight and Cohesion Values Selected for the Slip Surface Analyses 

Model 

No 

Unit 

Weight 

(kN/m3) 

Friction 

Angle (°) 

Cohesion 

(kPa) 

λ Entry 

Point 

Distance 

(m) 

Length 

of 

Failure 

Arc (m) 

Factor 

of 

Safety 

1 16 15 16 0.75 2.88 5.86 1.08 

2 18 15 18 0.75 2.88 5.86 1.08 

3 20 15 20 0.75 2.88 5.86 1.08 

4 22 15 22 0.75 2.88 5.86 1.08 

5 24 15 24 0.75 2.88 5.86 1.08 

6 26 15 26 0.75 2.88 5.86 1.08 

7 28 15 28 0.75 2.88 5.86 1.08 

8 30 15 30 0.75 2.88 5.86 1.08 

9 31 15 31 0.75 2.88 5.86 1.08 

 

Effect of Internal Friction Angle (φ) and Unit Weight (on the Slip Surface 

In this part, cohesion factor remained constant at 15 kPa while the other parameters varied from 15 to 31. 

 

Table-11: Models, Unit Weight and Internal Friction Angle Values Selected for the Slip Surface Analyses 

Model 

No 

Unit 

Weight 

(kN/m3) 

Friction 

Angle 

(°) 

Cohesion 

(kPa) 

λ Entry Point 

Distance (m) 

Length of 

Failure 

Arc (m) 

Factor 

of Safety 

1 16 16 15 0.66 2.84 5.81 1.04 

2 18 18 15 0.52 2.61 5.61 0.97 

3 20 20 15 0.41 2.51 5.54 0.92 

4 22 22 15 0.34 2.32 5.36 0.88 

5 24 24 15 0.28 2.08 5.17 0.85 

6 26 26 15 0.24 1.94 5.07 0.83 

7 28 28 15 0.20 1.66 4.85 0.81 

8 30 30 15 0.17 1.65 4.84 0.80 

9 31 31 15 0.16 1.57 4.79 0.79 

 

Effect of Internal Friction Angle, φ, and Cohesion, c on the Slip Surface 

In this section, cohesion and friction angle varied from 16 to 31 while unit weight remained constant at 15 

kN/m
3
. 
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Table-12: Models, Internal Friction Angle and Cohesion Values Selected for the Slip Surface Analyses 

Model 

No 

Unit Weight 

(kN/m3) 

Friction 

Angle (°) 

Cohesion 

(kPa) 

λ Entry Point 

Distance (m) 

Length of 

Failure 

Arc (m) 

Factor of 

Safety 

1 15 16 16 0.75 2.58 5.57 1.16 

2 15 18 18 0.75 2.84 5.81 1.30 

3 15 20 20 0.74 3.01 5.96 1.45 

4 15 22 22 0.73 3.01 5.97 1.60 

5 15 24 24 0.72 3.02 5.94 1.76 

6 15 26 26 0.72 3.08 6.03 1.90 

7 15 28 28 0.71 3.01 5.96 2.05 

8 15 30 30 0.70 3.03 5.97 2.20 

9 15 31 31 0.69 2.94 5.91 2.28 

 

Effect of Slope Geometry on the Slip Surface 

It has been shown that slope geometry has a 

direct correlation with the slope stability as well as soil 

strength properties [17]. 

 

In the last series of models, soil strength 

parameters remained constant at following values, 

while the angles and (shown in Figure-24) in slope 

geometry varied from 0° to 18°.Internal friction angle = 

15°, Cohesion = 15 kPa, Unit weight = 15 kN/m
3 

 

Table-13: Effect of Slope Geometry on the Slip Surface 

Model No α () 

 

β () 

 

Failure Surface Factor of Safety 

Center Radius Length of arc(m) 

X(m) Y(m) 

1 18 0 4.81 21.27 7.51 6.16 1.11 

2 17 0 3.33 23.96 10.57 6.94 1.14 

3 16 0 3.45 23.79 10.37 6.81 1.15 

4 15 0 3.14 24.13 10.82 6.75 1.15 

5 14 0 3.12 23.89 10.63 6.53 1.16 

6 13 0 2.76 24.24 11.14 6.51 1.16 

7 12 0 3.29 23.55 10.25 6.27 1.16 

8 11 0 2.95 23.92 10.75 6.22 1.17 

9 10 0 2.54 24.34 11.32 6.16 1.18 

10 9 0 3.08 23.58 10.40 5.96 1.17 

11 8 0 5.08 20.61 6.70 5.12 1.18 

12 7 0 5.77 20.45 6.21 5.28 1.19 

13 6 0 5.12 21.75 7.75 5.72 1.19 

14 5 0 2.29 24.11 11.28 5.60 1.19 

15 4 0 2.53 24.00 11.05 5.56 1.19 

16 3 0 1.99 24.54 11.81 5.50 1.20 

17 2 0 1.75 24.31 11.71 5.31 1.20 

18 1 0 1.99 24.20 11.54 5.26 1.20 

19 0 0 1.37 24.81 12.40 5.21 1.20 

20 0 1 2.73 23.36 10.35 5.11 1.22 

21 0 2 2.95 23.36 10.14 5.13 1.25 

22 0 3 4.01 22.53 8.84 5.21 1.27 

23 0 4 4.04 22.54 8.82 5.28 1.28 

24 0 5 4.54 21.75 7.86 5.24 1.28 

25 0 6 4.16 22.11 8.34 5.30 1.29 

26 0 7 4.28 22.11 8.23 5.34 1.32 

27 0 8 5.44 19.94 5.71 4.89 1.33 

28 0 9 5.67 20.75 6.27 5.32 1.36 

29 0 10 5.43 20.98 6.57 5.37 1.37 

30 0 11 5.45 20.99 6.55 5.45 1.39 

31 0 12 5.19 21.24 6.88 5.51 1.40 

32 0 13 5.24 20.95 6.55 5.41 1.42 

33 0 14 6.15 20.22 5.47 5.50 1.45 

34 0 15 6.28 20.10 5.32 5.70 1.46 

35 0 16 6.28 20.10 5.33 5.70 1.47 

36 0 17 5.79 20.59 5.92 5.71 1.48 

37 0 18 5.78 20.37 5.67 5.59 1.50 
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Effect of Soil Strength and Geometry Parameters on 

Factor of Safety 

In order to weigh the effect of soil strength 

parameters and geometry parameters on the factor of 

safety, the factor of safety versus these soil strength 

parameters were drawn and offered in the subsequent 

figures. 

 

Effect of Cohesion, c on the Factor of Safety, FS 

In this part, the influence of cohesion on the 

factor of safety has been shown. As it was expected, 

increasing the cohesion value which is a resistant force 

increased the value of factor of safety. Effect of Internal 

Friction Angle on the Factor of Safety 

 

In this part, the influence of friction angle on 

the factor of safety has been shown. As it was expected, 

increasing the friction angle which is the other resistant 

force increased the value of factor of safety. 

 

 
Fig-3: Effect of Cohesion (c) on the Factor of Safety, FS 

 

 
Fig-4: Friction angle () on the Factor of Safety, FS 

 

Figure-3 above shows that there is linear 

relation between cohesion and factor of safety. As it can 

be seen from Figure 4, the relationship between the 

friction angle () and the factor of safety, FS is almost 

linear with a squared R factor of 0.99 

 

Effect of Unit Weight on the Factor of Safety 

The effect of unit weight of the soil on the 

factor of safety was shown in Figure 5. As it can be 

seen from the figure, the unit weight as the main driving 

force applied in the soil mass is inversely proportional 

to the factor of safety. 

 

The Combined Effect of Cohesion and the Unit 

Weight on the Factor of Safety 

The effect of cohesion together with the unit 

weight of the soil on the factor of safety was studied in 

this section. Here, cohesion and the unit weight of the 

soil were increased together, while their ratio remained 

constant. The results specify that the potential slip 

surface is touched by the combination of c and φ whose 

function is defined as λ which is equal to: λ= 
 

        
 

 

 
Fig-5: The Unit Weight on the Factor of Safety 

 

 
Fig-6: The Combined Effect of c- γ on the Factor of Safety 

 

As it can be seen from the Figure-5, the unit 

weight as the main driving force applied in the soil 

mass is inversely proportional to the factor of safety. 



 

 

Worku Firomsa & Damtew Tsige, Saudi J Civ Eng, Apr, 2021; 5(3): 60-73 

© 2021 |Published by Scholars Middle East Publishers, Dubai, United Arab Emirates  67 
 

And also Figure 6 indicates that factor of safety remains 

constant while λ value remains the same.  

 

The Combined Effect of Internal Friction and the 

Unit Weight on the Factor of Safety 

In this part, the value of internal friction angle 

by unit weight is increasing by increasing both of them. 

The factor of safety versus tan (𝜙) * γ curve was drawn 

and shown in Figure-7. 

 

The Combined Effect of Internal Friction and 

Cohesion on the Factor of Safety 

In this part, since the potential failure surface 

is anticipated to be affected by the combination of c and 

φ values, the relation between the factors of safety 

and𝑐𝑎𝑛𝑑𝑡𝑎𝑛 (𝜑) is shown in Figure 8. Since both of 

these shear strength parameters are resisting forces, 

increasing these two values leads to an increase in the 

value of factor of safety. 

 

 
Fig-7: The Combined Effect of  - γ on the Factor of 

Safety 

 

 
Fig-8: The Combined Effect of Friction Angle and 

Cohesion on the Factor of Safety 

As it can be seen in Figure-7, reduction in the 

factor of safety value was obtained by increasing the 

value of tan (φ) * γ. This is because of the movement of 

failure surface to the top and hence decreasing the 

length of failure arc and so a decrease in effect of 

resisting forces.  

 

Effect of Slope Geometry on the Factor of Safety 

To study the effect of geometry on the factor 

of safety, two slope angles α, and β (introduced in the 

methodology section) have been varied and their effect 

on factor of safety has been observed.  

 

 
Fig-9: Effect of Alpha Angle on Safety Factor 

 

 
Fig-10: Effect of Beta Angle (β) on Factor of Safety 

 

Figure-9 shows that by changing the alpha 

angle, no noteworthy variation is observed in the factor 

of safety until 16°, and afterwards FS starts to decrease. 

This is because of the fact that increasing alpha angle 

can be acted as if adding an extra overhead surcharge 

on the slope surface. Until the angle of 16°, increasing 

the failure surface and consequently increasing the 

length of arc, generate more resisting force and make 

the factor of safety constant. Although this increase in 

the failure surface generates more resisting force, it 

generates an increase in deriving force (weight of 

failure surface) simultaneously. Therefore, the factor of 

safety stays constant. For angles greater than 16°, the 

increase in deriving force approaches to the resisting 

force value and from this value of angle onwards, the 
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driving force gets bigger than resisting force, and thus, 

a drop can be seen in the factor of safety value. 

 

Figure-10 shows that by increasing the Beta 

angle, the factor of safety increases significantly. The 

reason for this behaviour is that by increasing the beta 

angle, only the length of failure arc increases (as 

resisting force) and the mass of failure shape(as 

deriving force) remains almost constant. So, increase in 

the length of the arc increases the resisting force and 

hence the factor of safety increases. 

 

Effect of Soil Strength and Geometry Parameters on 

Slip Surface 

En route for study the effect of each soil 

parameter on slip surface, length of failure arc, as a 

quantitative variable has been chosen to be studied. The 

following figures will be presented in order to show this 

effect. 

 

Effect of Cohesion, c on the Length of Failure Arc, L 

It can be seen in the figure that with increasing 

the value of cohesion, length of failure surface will 

increase. The reason is that, in the case of the location 

of the failure surface remaining constant, as the c factor 

increases, the resisting force gets bigger as well as 

factor of safety. So to find the minimum FS (which is 

the main goal of the slope stability analysis), the driving 

force should increase, which can be achieved by 

increasing the slope failure area. This leads to a greater 

length of failure arc (L) and thus smaller factor of 

safety value. 

 

Effect of Internal Friction Angle, φ on the Length of 

Failure Arc, L 

Referring to the same explanation in the 

previous section, it can be expected that length of arc, L 

should be in a direct relation with phi, but as it can be 

seen in Figure-12, L and phi are inversely related. 

 

 
Fig-11: Effect of Cohesion, c on the Length of Failure Arc, 

L 

 

 
Fig-12: Effect of Internal Friction, γ on the Length of 

Failure Arc, L 

 

This inverse relation in Figure-12 is in line 

with [18] study which states that “when the slope 

geometry, unit weight and pore water pressure 

distribution in homogeneous soil slope are given, the 

location of the critical slip surface for particular method 

of slices is related only to c tan (𝜑) ratio of that slope”, 

this study shows that the position of the slip surface and 

thus the length of failure arc is in an inverse relation 

with internal friction angle. 

 

Effect of Unit Weight, γ on the Length of Failure 

Arc, L 

In this section, effect of unit weight on the 

length of arc is studied and shown in Figure-13. By 

considering λ, the failure slip surface moves toward the 

face of the slope, meanwhile by decreasing L, the 

effects of cohesion and friction angle as resistance 

forces decrease and hence smaller factor of safety will 

be achieved. 

 

The Combined Effect of Cohesion and Unit Weight 

on the Length of Failure Arc, L 

In this part, cohesion and unit weight decrease 

together in a way that their ratio remains constant. The 

result can be seen in Figure-14. 

 

 
Fig-13: Effect of Unit Weight (γ) on the Length of Failure 

Arc, L 
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Fig-14: The Combined Effect of c- γ on the Length of 

Failure Arc, L 

 

As it can be seen in Figure-13 by increasing 

the unit weight, weight of the falling shape increases, 

and this leads to a smaller factor of safety. And also as 

in Figure-14, Constant ratio of unit weight over c, leads 

to a constant λ. As it has been mentioned in study of 

[16], this means same failure shape and hence a 

constant value for L. 

 

The Combined Effect of Friction Angle and Unit 

Weight on the Length of Failure Arc, L 

In order to show the influence of variation of 

unit weight and internal friction angle on length of 

failure arc, the Figure-15 has been drawn. 

 

The Combined Effect of Friction Angle and 

Cohesion on the Length of Failure Arc, L 

To illustrate the combined effect of varying 

cohesion and internal friction angle on the length of 

failure arc, the following Figure-16 has been drawn.  

 

 
Fig-15: The Combined Effect of  - γ on the Length of Failure Arc, L 

 

 
Fig-16: The Combined Effect of  - C on the Length of Failure Arc, L 
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It can be seen from Figure-15 that increasing 

the value of 𝛾∗t𝑎𝑛 𝜑 will leads to a decrease in the 

length of failure surface. This is in harmony when 

considering the value of 𝜆, by increasing this value, 𝜆 

decreases; smaller 𝜆 means a failure surface closer to 

the slope surface and hence smaller length of failure 

arc. 

 

From Figure-16, it can be seen that at 

relatively constant value of 𝑐/𝑡𝑎𝑛𝜑 (51.50~55.50 kPa), 

L will remain relatively constant. Since constant 

𝑐/𝑡𝑎𝑛𝜑 leads to a constant 𝜆, and constant 𝜆 means a 

constant failure surface, the length of arc remains 

constant as well. 

 

Effect of Slope Geometry on the Length of Failure Arc, 

L 

To observe the effect of slope geometry on the 

failure surface, length of failure arc asa quantitative 

value has been measured and drawn in the following 

figures (Figure 17 and 18). 

 

 
Fig-17: Effect of Alpha Angle on Length of Failure Arc 

 

 
Fig-18: Effect of Beta Angle on Length of Failure Arc 

 

Figure-17 show that, by increasing the Alpha 

angle, the position of the failure surface does not vary 

significantly. On the other hand, increase in the beta 

angle will lead to a slightly larger length of failure arc 

(Figure-18). 

 

Locating Failure Surface 

Geometry dictates that for locating the failure 

surface, at least two parameters related to failure 

surface need to be known. For this reason, length of 

failure arc, and slip surface entry point will be used. In 

the following sections correlation between soil strength 

parameters and length of failure arc as well as slip 

surface entry distance were studied to find a formula to 

make them known by knowing soil strength parameters. 

 

In order to relate the slip surface to the soil 

strength parameters and slope geometry, a 

dimensionless variable called λ has been hired. Up to 

this point, relation of Lambda to the slip surface has 

been explained as a qualitative value for how deep or 

shallow is the failure surface according to [16]. 

 

Length of Failure Arc, L 

To find the relation between Lambda and 

length of failure arc, Figure 19 will be drawn based on 

the outcomes obtained from the GEO5 software. 

 

 
Fig-19: Length of Failure Arc vs. Lambda (λ) by GEO5 
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As it can be seen from figure 19, there is 

logarithmic trend line for the length if failure arc versus 

lambda. In GEO5, an optimization technique is used, 

hence, slopes are more close to the real failure surfaces, 

although since finding the real failure surfaces too 

much time consuming, application will stop the 

optimization at a desired accuracy level. This usage of 

the optimization technique, will give a more in trend 

data in L-λ (Figure-19). 

 

Considering the above Figure-19, it can be 

accepted that there is a clear logarithmic relation 

between length of failure arc and the lambda parameter, 

and keeping in mind that lambda itself is a 

dimensionless parameter related to soil slope properties, 

it is safe to say that length of failure arc is predictable 

based on the slope properties using the following 

equation derived from a non-linear regression using 

SPSS software. 

L = 0.76ln (
 

          
)+ 6.14 ……………….. (2) 

 

Slip Surface Entry Point Distance, le 

Another parameter to locate the failure surface 

is the entry point of the slip surface. For this purpose, 

the distance from the edge of the slope was introduced 

as “1e” as shown in Figure 21. 

 

 
Fig-20: Slip Surface Entry Point Distance, le 

 

To find the relation between Lambda and Slip Surface Entry Point Distance, Figure 22 was drawn based on the 

outcomes obtained from the GEO5 software.  

 

 
Fig-21: Lambda versus Slip Surface Entry Point Distance 

 

 
Fig-22: Locating Slip Surface 
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As it can be seen in the Figure-22, there is a 

logarithmic relation between lambda and le. This figure 

has been drawn using 72 models, analysed by GEO5 

software.  

 

Considering Figure-23, it can be accepted that 

there is a clear logarithmic relation between slip surface 

entry point distance, le, and the lambda parameter. 

 

Keeping in mind that lambda itself is a 

dimensionless parameter related to soil slope properties, 

it is safe to say that slip surface entry point is 

predictable based on the slope properties using the 

following equation derived from a non-linear regression 

using SPSS software. 

le = 0.91ln (
 

          
)+ 3.24………………… (3) 

 

Locating Slip Surface 

To locate the slip surface, the following 

geometrical study has been carried out. In Figure 51, K 

is the slip surface entry point and D is the exit point. 

Regarding the previous studies, D almost always is 

located on the lowest point of slope. Hence, “a” can be 

assumed to be equal to ℎ ⁄cos𝛽, in which “h” is the 

height of slope. 

 

To solve this problem, we assume the following 

equation for the failure circle formula. 

       
 +       

  = r
2 
……………. (4) 

 

In Equation 33  0,  0 and r, are unknown 

variables so in order to find them, three equations are 

needed. Since entry and exit points shall satisfy the 

Equation (4), two of the equations will be created by 

inserting their coordinates in the Equation (4).  

 

To create the third equation, length of the 

failure arc will be used as a known parameters (using 

Equation 31) and it will be inserted into the following 

formula of curve length integral. 

 

Length of curve is equal to: p = ∫ √        
  

  
dx in which p is the length of failure arc, L, and: y’ 

=
    

√         
 
, Hence: L = ∫

 

√         
 

  

  
dx  

 

Hence, the three equations needed to calculate the coordinates of failure circle will be as follow: 

{

   𝑐       
       𝑛     

    

  𝑎 𝑐  𝛽     
    𝑎   𝑛 𝛽     

    

 (              

 
                 

 
)   

 ………………………. (5) 

 

By inserting known parameters (a, le, α, β, and 

L) the above equation system is solvable by numerical 

methods. The answer of this system will be  0,  0, and 

r which are the coordinates of failure circle centre and 

its radius. 

 

CONCLUSIONS 
Friction angle (φ) and cohesion (c), as 

resistance forces, are directly related to factor of safety 

while unit weight (γ), as driving force, is inversely 

related to factor of safety. Increasing the value of 

cohesion (c) leads to an increase in the value of the 

length of failure arc (L) and increasing the value of 

friction angle (φ) leads to a reduction in the value of the 

length of failure arc (L). The greater unit weight of soil 

(γ) gets, the greater is the value of the length of failure 

arc (L). Increasing the Alpha angle until a specific 

angle does not have any significant effect on the factor 

of safety. On the other hand, increasing the Beta angle 

directly affects the Factor of safety. 

 

Increasing the Alpha angle, leads to an 

increase in the length of failure arc. However, changing 

the Beta angle does not significantly affect the length of 

failure arc Constant value of lambda (λ) results in 

constant factor of safety and constant slip surface. 

Greater value of lambda (λ) means a deeper slip surface 

and a greater value for length of failure arc (L). There is 

no relation between factor of safety and length of 

failure arc (L). The length of failure arc (L) is 

logarithmically related to lambda (λ) using following 

formula:  

L = 0.76ln (
 

          
)+ 6.14 

 

The slip surface entry point distance from the 

slope edge (le) is also logarithmically related to lambda 

(λ). This correlation can be formulated as: 

le = 0.91ln (
 

          
)+ 3.24 

 

The failure surface can be found by solving the following equation system: 

{
 

 
   𝑐       

       𝑛     
    

  𝑎 𝑐  𝛽     
    𝑎   𝑛 𝛽     

    

 (     
  𝑐      

 
      

 𝑎   𝑛 𝛽    

 
)   
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Where  0,  0 are the coordinates of the failure circle 

center and r is the radius of the circle.  
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