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ABSTRACT 

Rock cuts have considerable importance because of their hicgh 

excavation costs, and also as a potential source of damage to 

installations located in its vicinity.  Therefore, a rational 

design procedure is warranted for their safety. The excavation of 

a rock slope involves unloading of the original rock mass. None 

of the methods of slope stability analyses except the finite element 

method takes into consideration the effect of unloading; moreover, 

the conventional methods suffer from one drawback or the other. 

Stability charts are many a times used in the preliminary stages 

for quick analyses of slopes, in order to study a number of of ter- 

native proposals in a project. At present, no stability charts 

are available for rock slopes prepared on the basis of finite 

element method.  Further, since most of the rocks exhibit non-linear 

strength envelope, there is a dire need to have stability charts 

prepared on the basis of some appropriate non-linear failure 

criterion as well. 

Keeping in view the above facts, a systematic study was planned 

to 

(i) first verify the influence of various parameters (such as C, V , 

K and B/H ratio) involved in the slope stability by finite 

element analyses, 

(ii) Conduct elasto-plastic finite element slope stability analyses 

using the conventional Mohr-Coulomb criterion and comp:ire the 

results with those available in literature for limit equili- 

brium method, and finally to prepare stability charts based 

on finite element method, 

(iii) conduct slope stability analyses, with a suitable non-linear 

failure criterion (Hoek-Brown criterion in the present study), 
r;~ 



using limit equilibrium method, 

(iv) propose a pair of non-dimensional factors pertaining to the 

non-linear strength criterion on the basis of which the 

stability charts could be presented, and 

(v) conduct elasto-plastic finite element slope stability analyses 

using the non-linear failure criterion and compare the results 

with those of limit equilibrium method.  Finally, to prepare 

stability charts for quick analyses. 

For the purpose of conducting the above study, two computer 

programs were developed (i) for the elasto-plastic finite element 

analyses in which two failure criteria, viz, the conventional 11ohr-

Coulomb failure criterion and the recently proposed Hoek-Rroc•in fai lur 

criterion, were incorporated, and (ii) for the analyses by limit 

equilibrium method with Bishop's simplified approach using Iloek-Hrnwn 

failure criterion. 

The process of excavation has been simulated in the computer 

program for the finite element analysis.  Elasto-viscoplasticity 

has been used as an artifice to obtain elasto-plastic solution. 

A 2 x 2 Gauss - Legendre quadrature has been employed for 

numerical integration. In the computer program pertaining to the 

limit equilibrium method, provision has been made for automatic 

search for a critical toe circle and to list the coordinates of the 

centres of these circles on the print out. 

After verifying that the parameters E, v,K and B/H do not affect 

the factor of safety significantly, further parametric study was 

carried out corresponding to six different slope angles (a_30°, 45°, 

60°, 70°, 80 0  and 90°) by varying only the other parameters of 

influence.  In the first phase of study, Mohr-Coulomb failure 



criterion was used in the finite element analysis. The determi-

nation of factor of safety was done by reducing the strength of 

the material by a strength reduction factor. For each of the 

above slopes, five to six strength reduction factors (trial 

factors of safety) were tried to obtain the value of the factor 

of safety.  The parametric study was carried out in a systematic 

manner by choosing the properties in such a way that suitable 

values of a' co  (which is inverses of the Janbu's non-dimensional 

factor x 	= 	v Hctan  where Y,c and  have the usual meaning 

and II is the height of slope) were obtained for having a number 

of points suitably spaced for the preparation of stability 

charts.  For each slope angle, at least five different sets of 

material properties were used to conform to the required a' P  
c 

value. 

The factors of safety obtained from the results of finite 

element analyses were compared with those of limit equilibrium 

method and it has been observed that the limit equilibrium 

method, in genera] , underestimates the factor of safety of steeper 

slopes.  For instance, for a=90°, the maximum amount of underestima- 

tion is 40.7 per cent. For flatter angles, the amount of, 

underestimation is lesser. Sometimes, for a<45°, the limit 

equilibrium method gives unsafe results. Also, the results of 

factor of safety obtained from the finite element method and 

limit equilibrium method, are the same at some values of  
c 

Stability analyses have also been carried out by limit 

equilibrium method using Hoek-Brown criterion for slope angles 



(iv) 

of 30°, 45°, 60°, 70°, 80°, and 90°. From the results of 

analyses on about 370 slopes, it has been possible to evolve a,, 
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pair of non-dimensional factors, a 	C 	
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s 
(where a c is the uniaxial compressive strength of the material, 

m and s are the material constants of Hoek-Brown criterion, Fs is 

the  factor of safety and Sn' is the proposed stability number in 

terms of Iloek-Brown criterion) which are uniquely related through 

the slope angle.  With the help of this unique relation, it is 

possible to obtain the results of stability number and hence the 

factor of safety for a particular set of material properties. 

This is useful for presentation of stability charts on the basis 

of Hoek-Brown criterion. Further, it has been possible to propose 

approximate values of coordinates of the centres of critical circle, 

for use with Hoek-Brown criterion in limit equilibrium method. 

Such guide lines are not available at present and consequently, 

large number of iterations are required to be done before a 

critical toe circle is located. Interestingly, these coordinates 

of centres for use with Hoek-Brown criterion are functions of 

A ms and a(instead of 0 and n. , as in the case of Mohr-Coulomb 

criterion). 

The finite element analysis using Hoek-Brown criterion has 

also been carried out for a-30° to 90° and the results of limit 

equilibrium method and those of finite element method are compared. 

The limit equilibrium method sometimes overestimates and sometimes 

underestimates the factor of safety depending upon the slope 

angle and the value of ams, For flatter slope, the tendency for 
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o3erestimation is more e.g. for a=300 , it is as high as 07.7 

per cent. For steeper slope, the tendency for underestimation 

is more, the maximum amount being 49.9 per cent fora =90°. 

However, for different slope angles, at some specific values of 

x 
 ms, the results of the two methods may be same. 
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