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ABSTRACT: Discontinuities possess a major role in the stability of a rock slope and also influences the behavior and failure 

patterns of it under different loading environments. In this paper, the effects of different joint patterns on the stability of a 

260m high slope with a face angle (ψf) of 55° is examined under different loading environments. Under gravity loading, 

when the slope is having out of plane joints, it becomes more stable when the dip of the discontinuity (ψ) increases, although 

failure pattern changes. Plane and rotational failure patterns are observed when ψ becomes less than and greater than ψf, 

respectively. In case of joints dipping into the plane, the shear displacement becomes significantly less than the previous 

cases which indicates a toppling failure. Similar observations can be made under rainfall condition and under seismic 

loading. In the seismic case, shear displacement and block rotations are obtained. The failure mechanisms of the slopes 

under different joint sets are investigated by obtaining displacements at different time intervals of the seismic loading. 

Universal distinct element code (UDEC 4.0) is used for all the simulations. 
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1 INTRODUCTION 

Rockslides are a common phenomenon in hilly areas. If 

the rock slope consists of discontinuities, then the 

fractured rock slope becomes vulnerable towards 

failure. The failure patterns of a rock slope depends on 

the alignments and the orientations of the 

discontinuities. The basic terminology which defines the 

orientation of the discontinuities is termed as dip or dip 

inclination (ψ). It is defined as the maximum inclination 

of the discontinuity measured from the horizontal. 

Different failure patterns can be observed depending 

upon the joint orientations (i.e. out of plane and into the 

plane joints) with respect to the dip of the slope face (ψf). 

Many researchers have used different numerical 

techniques to get a proper view about the failure 

mechanism of a jointed rock slope. Of which continuum 

(finite element) and discontinuum (distinct element) 

techniques are the most common. But continuum 

techniques have some major difficulties in analyzing a 

discontinuous medium consisting several intersecting 

interfaces. On the other hand, discontinuum codes (like 

UDEC) are suitable in these cases due to some 

advantages like allowing finite displacements and 

rotations of discrete bodies and also recognizing new 

contact surfaces with progress. Thus, use of 

discontinuum codes are preferable over the continuum 

codes in case of discontinuous rock slopes. Bhasin and 

Kaynia (2004), Noorzad et al. (2008), Pal et al. (2012), 

Kainthola et al. (2012) and many other researchers have 

successfully applied the universal distinct element code 

UDEC (Itasca, 2004) for analyzing discontinuous rock 

slopes. 

This paper presents the effects of discontinuities on a 

260m high jointed rock slope under different loading 

conditions like static gravity loading and seismic 

loading. The main objective of the study is to investigate 

the effects of joint orientations on the mode of failures 

like plane, rotational sliding and toppling failure. 

Modelling and analysis of the slopes have been carried 

out by using distinct element code UDEC 4.0. 

Understanding the failure patterns and mechanisms will 

be helpful while implementing proper method for 

stabilizing a rock slope. 

2 FAILURE PATTERNS 

There are three common types of failure patterns 

observed in a rock slope. Plane failure, rotational sliding 

failure and toppling failure. 

2.1 Plane Failure 

This type of failure occurs when the sliding plane 

becomes parallel or sub-parallel to the slope face. Also 

here ψf is greater than the dip of the sliding plane (ψ) and 

ψ is greater than the joint friction angle (ϕ or Jfric) of the 

discontinuity. 

2.2 Rotational Sliding Failure  

This type of failure occurs when the unstable rock mass 

slides down along a curved surface. Shear displacement 

can occur along a circular or non-circular path. When 

the rock mass becomes densely fractured and 

fragmented, then this type of failure occurs. 
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2.3 Toppling Failure 

In this mode, the unstable blocks of rocks rotate with 

respect to a fixed base. When the center of gravity of the 

column slab of block lies outside the base of the column 

block, then the rotation takes place. In the jointed rock 

mass, the discontinuities should be dipping into the face 

and going away from the face. ψ should be steep and 

joints should be closely spaced. 

3 PROBLEM STATEMENT 

Here the stability of a 260m high rock slope has been 

simulated. The geometry of the slope is taken from 

Hammah et al. (2007) and also given by Duncan and 

Mah (2004). Fig. 1 shows the basic geometry of the 

slope.  

 

Fig. 1 Basic slope geometry 

The material properties taken for the analysis are given 

in Table.1.  

Table 1 Material Properties 

Rock Mass Discontinuities 

Density = 2610 

kg/m3 

Joint Normal Stiffness (Jkn) 

= 100 GPa 

Angle of Internal 

Friction = 43° 

Joint Shear Stiffness (Jks) = 

10 GPa 

Poisson’s ratio = 

0.26 

Cohesion = 0.1 MPa 

Cohesion = 0.675 

MPa 

Joint Friction Angle (jfric) 

= 40° 

Bulk Modulus = 

9.072 GPa 

Joint Spacing = 20 m 

Shear Modulus = 

5.184 GPa 

--- 

Tensile Strength = 

0 MPa 

--- 

 

4 RESULTS AND ANALYSIS  

Mainly two types of analyses are done. Gravity analysis 

and seismic analysis.  

4.1 Static Gravity Analysis 

Under this analysis, four types of joint alignments are 

considered. Slope having one joint set with a 1) ψ of 35° 

out of the plane, 2) ψ of 60° out of the plane, 3) ψ of 75° 

out of the plane and 4) ψ of 70° into the plane. Mohr-

Coulomb plasticity model has been considered for the 

material. The factor of safety and the maximum shear 

displacement values are calculated for all the cases. The 

results of the analysis are shown in Table. 2. 

Table. 2: Results of gravity analysis 

Joint 

Alignment 

Cases Dip 

Angle(°) 

F.O.S Shear 

disp. 

(cm) 

Out of the 

plane 

1st 

Case 

35 1.32 5.636 

2nd 

Case 

60 1.44 4.525 

3rd 

Case 

75 1.56 3.848 

Into the 

plane 

--- 70 1.35 0.036 

 

Fig. 2 shows the failure patterns for different cases.  

 
                (a)                                          (b) 

 
                      (c)                                        (d) 

Fig. 2 (a) Plane (b) rotational sliding (c) circular sliding 

(d) toppling failure 

From Table 2, we can see that when ψ increases in the 

out of plane direction, the factor of safety also increases 

and the maximum shear displacement decreases. Thus 

the slope becomes more stable with the increase in ψ. 

But if we compare Fig. 2(a), (b) and (c), we can see that 

the failure patterns are different. Plane, rotational sliding 

and circular sliding failure is observed in the 1st, 2nd and 

3rd cases respectively. Plane failure is observed in the 1st 

case because here ψ is less than ψf. As this postulate does 



Indian Geotechnical Conference IGC2016 

15-17 December 2016, IIT Madras, Chennai, India 

3 

not hold in the 2nd and 3rd cases, rotational sliding failure 

takes place. In the case when joints are dipping into the 

plane, we can see that the shear displacement is very 

small in compare to the other cases. This indicates that 

it is not a case of shear failure rather a toppling failure. 

Further parametric studies have been conducted in 

slopes having two joint orientations (in one case, ψ is 

35° out of plane and in another case ψ is 75° into the 

plane) by reducing the Jfric in a gradual manner which 

can correspond to rainfall condition. It has been 

observed in both the cases that as the joint friction angle 

reduces, the shear displacement increases and F.O.S 

decreases. But a comparative study between the two 

cases shows that the shear displacement in the case when 

ψ dips into the plane is very less with respect to the other 

case when ψ dips out of plane. This observation shows 

that slope is prone to shear failure when it consists of 

joints dipping in the out of plane direction while the 

slope is prone to toppling failure when joint set dips in 

the into the plane direction.  

4.2 Slope under Seismic Loading 

Under this condition, again two types of joint alignments 

are considered. In the 1st case, the joint set is dipping 70° 

out of plane and in the 2nd case, the joint set is dipping 

70° into the plane. Here, elastic, isotropic constitutive 

model has been taken for the material. The seismic 

loading has been applied as a sinusoidal stress history at 

the base of the model. The stress history represents the 

seismic loading of Uttarkashi earthquake of October 20, 

1991. The sinusoidal shear wave which has been applied 

at the base of the model has a frequency of 3 Hz for a 

period of 3 sec and PGA of 0.3g. When the sinusoidal 

loading is applied, the boundary condition has been 

changed to free field/viscous boundary at the base and 

in the sides of the model. The viscous boundary 

conditions are applied to absorb the incoming waves 

hitting the boundaries. It prevents the reflection of the 

waves back into the model. The sinusoidal shear stress 

wave which is applied into the model is shown in Fig. 3.  

 

Fig. 3 Input sinusoidal shear stress waveform at the base 

of the model 

In this analyses, the behavior of the slope has been 

observed during and after the earthquake event took 

place. Maximum shear displacement and the block 

rotations are observed at each time-step. The results of 

the analyses has shown in Table 3. 

Table 3 Results of Seismic Analyses 

Time 

Duration 

Max. Shear 

Displacement 

(cm) 

Block Rotation 

(°) 

 1st 

Case 

2nd 

Case 

1st 

Case 

2nd 

Case 

0 sec 2.10 2.20 0.305 0.580 

1 sec 2.38 2.55 0.365 0.756 

3 sec 3.51 2.68 0.780 1.315 

5 sec 6.87 3.68 1.105 1.902 

7 sec 10.26 6.71 1.396 2.133 

9 sec 14.09 10.35 1.678 2.340 

11 sec 16.70 14.94 1.997 2.585 

13 sec - 18.86 - 2.789 

From Table 3, it is observed that in the 1st case, the slope 

failed in shear after 11 sec due to great contact overlap. 

In other observations, it can be seen that in the 2nd case, 

the maximum shear displacement is lesser while the 

block rotation is greater than the 1st case. 

 

Fig. 4 Comparisons between displacements  

 

Fig. 5 Comparisons between block rotations 

Fig. 4 and Fig. 5 represents the comparison between two 

cases with respect to their shear displacements and block 

rotations respectively. These observations indicate that 

when joint sets are dipping in the out of plane direction, 

it is prone to shear failure, while when joint sets are 

dipping into the plane, toppling failure occurs.  
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The failure mechanisms for both the 1st and 2nd cases are 

shown in Fig. 6 and Fig. 7 respectively, at 3 sec, 5 sec, 

9 sec and 11 sec time interval. 

  
                  (a)                                        (b) 

  
                   (c)                                     (d) 

Fig. 6 Failure mechanisms of slopes having out of plane 

joints at (a) 3 sec, (b) 5 sec, (c) 9 sec and (d) 11 sec 

  
                   (a)                                         (b) 

  
                       (c)                                        (d) 

Fig. 7 Failure mechanisms of slopes having into the plane 

joints at (a) 3 sec, (b) 5 sec, (c) 9 sec and (d) 11 sec 

In Fig. 6 and Fig. 7, the plots of velocity vectors along 

with the total displacements are shown. We can see from 

both the figures that the displacements are increasing 

with time. But in Fig. 6, it can also be noted that the 

lateral and downward shear displacement is more with 

respect to Fig. 7, while in Fig. 7, in the left portion of 

slope, the slabs of the blocks are coming out. These 

observations along with the values obtained from Table 

3, indicates that the slope in the 1st case is prone to shear 

failure while in the 2nd case, it is prone to toppling 

failure. 

5 CONCLUSIONS 

Numerical analysis have been carried out for a 260 m 

high rock slope to simulate the effects of joints and their 

orientations on their respective failure mechanisms. 

Two types of joint orientations are considered, out of 

plane and into the plane joints. The slope has been 

analyzed under different loading conditions. In the static 

gravity analysis, it has been observed that when the joint 

set dips in the out of the plane direction, a plane and 

sliding failure occurs. As the dip inclination of the joint 

set (ψ) gets stepper, the slope becomes more stable 

against sliding although failure pattern differs. Plane 

failure takes place when ψ is less than ψf and rotational 

sliding occurs otherwise. When ψ dips into the plane, 

then sliding is not the failure pattern whereas toppling 

failure occurs. Under rainfall condition, when joint sets 

dip into the plane, it is more stable against sliding failure 

in comparison to the case when joint set dips out of 

plane.  

In the seismic analysis, sinusoidal shear stress wave has 

been applied into the model. Two cases have been 

investigated. It has been observed that the block rotation 

is more and the shear displacement is less in the case 

when slope is having joint sets dipping into the plane in 

comparison to the case where joint set dips out of the 

plane. This again indicates a toppling failure for into the 

plane joint alignments and shear failure for the out of 

plane joint sets. These understandings help in suggesting 

suitable remedial measures for stabilizing a rock slope 

under different circumstances.  
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