
Indian Geotechnical Conference IGC2016 
15-17 December 2016, IIT Madras, Chennai, India 

1 

 STATIC AND DYNAMIC SLOPE STABILITY ASSESSMENT OF A 

HIMALAYAN ROCK SLOPE 

Amalesh Jana
1
 

Mithresh Pushpan
2
 

Arindam Dey
3
  

Sreedeep S
4
 

A Murali Krishna
5
 

1,2Post Graduate Student, 3Assistant professor, 4,5Associate professor, Department of Civil Engineering, Indian Institute of Technology 

Guwahati, Guwahati – 781 039 

Email ID: j.amalesh@iitg.ernet.in, mithresh@iitg.ernet.in, arindamdeyiitk@gmail.com, srees@iitg.ernet.in, amurali@iitg.ernet.in 

 
ABSTRACT:  Stability of rock slope along the stretch of Badrinath National Highway (NH-58) of Garhwal Himalayas in 

Uttarakhand, India is very much essential to protect the infrastructure and livelihood in the area nearby. Every year this 

part of the slope has been facing severe landslides due to intensive rainfall causing substantial damages. The chosen area 

is also highly sensitive to earthquake according to Geological survey of India. Due to the severe earthquake and intensive 

rainfall, stability of rock mass is under continuous depletion. Rock slope in this area is highly jointed and possess a joint 

orientation which is highly vulnerable to seismic force. In this study, finite element slope stability analysis of this rock 

slope has been carried out in commercial software PHASE2. As per the earthquake zonation map of India, the site is 

located in seismic zone V, and hence, dynamic stability of slope has been performed considering pseudo static and time-

response method. Initially, the rock slope is considered to be devoid of any joints and is modeled as a continuum mass 

using equivalent Mohr-Coulomb shear strength criteria. In the second model, the discontinuities are applied in the 

continuum model by providing interface elements as joints in between the rock walls. Results from the analysis accentuate 

the fact that the of rock slopes is stable under high seismic force. 
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1 INTRODUCTION 

In rock mass, discontinuities can be present in the form 

of joints, faults, fissures, bedding, etc. The mechanical 

behavior of jointed rock masses is strongly affected by 

the properties and geometry of the joints (Cai and Horri 

1992). The characterisation of rock slope which is 

located at a distance of 18 km from Rishikesh towards 

Vyasi National Highway (NH-58) is mainly quartzite, 

dolomites with slates. The static stability analysis of 

this rock slope is reported by Pain et al. (2014) and it is 

mentioned that rock slope is safe under static condition. 

However, no dynamic analysis is done to investigate 

the vulnerability of the rock slope in seismic condition. 

Every year minor to major landslide triggered by 

incessant rainfall in all six hilly districts of Uttarakhand 

causes death of many lives and enormous loss of 

properties. This area is also located in a high seismic 

prone zone and experienced a number of earthquakes 

in past and in recent times. Uttarkashi earthquake in 

1991 and Chamoli earthquake in 1999 caused 

significant damage of life and property. So, it is 

essential to study the behavior of landslide and the 

stability of rock slope under different destructive 

environment condition which will be benevolent for 

planning and implementing mitigation measures. 

1.1 Geological Description of the Area  

The study area is located in the Alakananda valley of 

Garhwal Himalayas in Uttarakhand. This region 

consists of several tectonic faults, fold and overthrusts 

which are responsible for the crushing and shearing of 

rocks. In this case study, three set of parallel joints are 

present in the rock slope in different orientations, 

having different joint strength and stiffness, which 

influence the stability of the rock slope. Persistence of 

joints plays an important role in stability which 

indicates the length of joint. A fully persistent joint is 

more vulnerable than low persistent joints. It is very 

cumbersome process to consider all the persistence in 

the numerical model because measuring the length of 

persistence from the field is difficult for high slope. So 

the continuous parallel set of joints is considered for 

conservative solution. The dip direction of slope face 

and Joint set J1 are same (180°) and the dip angle of J1 

(27°) is less than dip angle of slope face (54°). Joint set 

J1 is dipping out of the slope face and striking parallel 
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to the slope face. This means the joint set J1 daylights 

in the slope face which indicates planar failure along 

joint set J1. The dip direction of other joint set J2 and 

J3 are unfavorable to sliding. Because the dip angle of 

both J2 (86°) and J3 (75°) are more than the dip angle 

of slope face (54°). Dip direction and dip angle of the 

joints are unfavorable to wedge and toppling failure. 

2 NUMERICAL MODEL 

Phase
2
 is a powerful 2D elasto-plastic finite element 

program used to calculate stresses and displacement in 

soil and rock applications and can even generate 

discrete joint or fracture networks in the rock model. In 

this study, the analysis is carried out in two parts. First, 

the rock slope is modeled considering the continuum 

mass in finite element model using equivalent Mohr-

Coulomb shear strength criteria without having any 

joints. However, the effect of discontinuity is 

considered by reducing the strength parameter of the 

intact rock (Table 3) to get equivalent Mohr coulomb 

strength parameter (Pain. et al. 2014)  shown in Table 

2. In the second model, the discontinuities are applied 

in the continuum model by providing interface 

elements of zero thickness as joints in between the rock 

walls. The generalised Hoek-Brown criteria for rock 

mass shear strength and Barton-Bandis constitutive 

model to represent the joint strength are used in the 

model. Static and dynamic stability analysis is 

implemented in both part of study. In the numerical 

model, the left boundary of the slope is restrained 

against horizontal movement but allowed to move in 

vertical direction (roller type). The base of the rock 

slope is considered to be restrained in both horizontal 

and vertical direction. In this study, the in-situ 

horizontal stress is considered to be half of vertical 

stress as reported in Pain et al. (2014). 

2.1 Material properties 

To perform the stability analysis material properties 

reported in Pain et al. (2014) is used in the numerical 

simulation.    

Table 1 Joint characteristics  

Joint 

set 

Dip/Dip 

direction 

In 

situ 

block 

size 

(m) 

Normal 

stiffness 

(GPa/m)  

Joint 

shear 

stiffness 

(GPa/m) 

JRC JCS Residual 

Friction 

angle(Ø)   

J1 27°/ 

N 180° 

0.525 15.99 1.599 4.9 29 28 

J2 86°/ 

N 120° 

0.225 37.31 3.731 5.37 76 30 

J3 75° 

/N 242 

0.375 22.38 2.238 5 40 30 

Slope 54º/N180       

Table 2 Rock mass properties  

Unit 

weight 

(kN/m
3
) 

Elastic 

modulus 

(GPa) 

Poisson’s 

ratio 

Cohesion 

(kPa) 

Tension 

(kPa) 

Angle 

of 

internal 

friction 

(Ø) 

GSI 

26 6.12 0.30 763 113 57.17 48 

 

Table 3 Intact Rock properties  

Unit 

weight 

(kN/m
3
) 

Elastic 

modulus 

(GPa) 

Poisson’s 

ratio 

mi s a 

26 22.53 0.30 15.311 1 0.5 

3 STABILITY ANALYSIS 

First, entire domain of the model is discretized into six 

nodded triangular finite element mesh. Phase
2
 solves 

the problem using Gaussian elimination technique 

using properties defined at each node of mesh. The 

shear and normal stiffness data is provided in the joint 

interface element to simulate shear and normal 

displacement at the interface. Three joint sets are 

oriented according to their dip angle and the dip 

direction (Table 1).  A uniform distribution of joints is 

incorporated to simulate the random variation of joint 

spacing. Barton and Bandis (1990) model is utilized in 

the discontinuum analysis to incorporate the joint 

strength and deformability at the joint interface. This 

model is given by equation.   

10tan( log ( ))n r

n

JCS
JRC  


                (1) 

where,   is the shear strength of joint, 
r  is the 

residual friction angle, JRC  is the joint roughness 

coefficient, JCS is the joint wall compressive 

strength and 
n  is the normal stress acting across the 

discontinuity. 

3.1 Static stability analysis 

Factor of safety is calculated using shear strength 

reduction method to compute the critical strength 

reduction factor in PHASE
2
. In this method, the 

strength of the material is reduced by some factor and 

the finite element solution is calculated to obtain the 

critical SRF when model become unstable. The SRF 

value from the continuum slope stability analysis is 

4.47 (Figure 2) which is very high value than the result 

from the discontinuum model (Figure 3). The factor of 

safety of the discontinuum model is presented in 

(Table. 4). 
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Fig.1 Jointed rock slope for discontinuum analysis  

Results shows small deviation of SRF from Pain et al. 

(2014) due to difference in the assumption maximum 

spacing of the joint, although the mean spacing is 

maintained same. The discontinuum modelling for rock 

slope with all the three joint sets showed an SRF value 

of 2.02. This can be explained by the fact that more 

unstable rock blocks are formed when all the three joint 

sets are incorporated.  

Table 4 Comparison of SRF values for jointed rocks 

Case  Slope with  

joint 

SRF  

(Pain et. al., 2014) 

SRF 

Present 

study 

1 J1 2.62 2.15 

2 J2 and J3 1.96 2.23 

3 J1, J2 and J3 1.74 2.02 

 

 

Fig.2 Total displacement contour of continuum model 

showing critical SRF 4.47 

It is important to note that in all the three cases of 

discontinuum modelling, the rock slope failure 

occurred along the joint set J1 which further establishes 

the criticality of joint set J1. Both studies have 

manifested that the rock slope is stable under static 

condition where factor of safety is more than one.  

 

 

Fig.3 Displacement contours of discontinuum model for 

all joint set (J1, J2 and J3), showing critical SRF 2 

3.2 Application of dynamic loading: Seismic 

condition 

The Chamoli earthquake (1999), magnitude of 6.8 is 

used in the time response analysis to predict the 

vulnerability of the slope. The acceleration time history 

which is used in the dynamic analysis is shown in 

Figure 4. To provide infinite boundary condition at the 

left and at bottom face of slope, Lysmer-Kuhlemeyer 

dashpot boundary condition is used. The absorbent 

boundary condition at the base which will absorb 

incoming pressure and shear waves at this boundary 

and transmitting boundary condition at the left face is 

provided which will ensure no reflection of outgoing 

wave at this boundary. The transverse time acceleration 

data is provided at the base of the model for dynamic 

simulation. Rayleigh damping of 5% is considered in 

this study. To provide the Rayleigh damping, the 

model is first solved without damping to obtain the 

significant frequency bandwidth from the output power 

spectrum. This frequency range is further used to 

estimate Rayleigh damping constants αm =4.71 and βk 

=3.9*10
-4

 is obtained for 5% damping. Using this 

constant, the damped vibration analysis is done. 

Pseudo-static analysis is also carried out considering 

different range of horizontal seismic coefficient (kH). 

3.2.1 Dynamic stability analysis 

After the application of dynamic loading at the base of 

the slope, the time response analysis is performed in 

discontinuum model having three sets of joints. 

Vertical and horizontal displacement at the slope face 

(point D Fig.1) is observed throughout the motion. 

Maximum residual horizontal displacement is observed 

86 mm. The residual vertical displacement is 26 mm. 

Figure 5  inferred that the slope is stable because after 

the application of earthquake slope is not failing due to 

earthquake.  Though, the rock slope has faced residual 

deformation due to some joints failure. The pseudo 

static analysis results (Figure 6) manifested that the 

jointed slope is stable below kH=0.36g. SRF value is 
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found to be more than one below maximum credible 

earthquake in the Uttarakhand region. 

 

 

Fig.4 Corrected transverse component of acceleration–

time history of Chamoli earthquake, 1999, taken from 

USGS used in the study 

 

 

Fig.5 Horizontal and vertical displacement at face of 

slope after application of seismic excitation 

4 CONCLUSION 

The rock slope along the Rishikesh-Badrinath National 

Highway (NH-58) in Garhwal Himalayas, India is 

considered. The numerical analysis in PHASE
2
 

manifested that the discontinuum modelling gives a 

better insight of the in-situ conditions as it takes 

consideration of the effect of joints. From the 

discontinuum analysis results, the influence of joints 

has been studied and it showed that joint orientation 

(dip angle and dip direction) have significant effect on 

the stability of rock slopes.  

The concerned rock slope is practically stable which is 

manifested by the stability analysis results. The rock 

slope is found stable subjected to Chamoli earthquake 

motion (1999-03-29). The peak acceleration of 3.53 

m/sec
2
 and low frequency content is not causing severe 

damage to the slope but joints faced severe stress 

reversal. Pseudo static analysis results indicated that 

the rock slope is vulnerable to high seismic event at kH 

more than 0.36g.   

 

Fig.6 SRF of Pseudo Static analysis for discontinuum 

model.  
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