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ABSTRACT 

Reliable estimates of slope stability are essential for safe design and planning of road cut hill slopes which accommo-
date a number of tourist destinations around the world. The failure of cut slopes along these hills puts human life in 
grave danger and it is also disastrous for the economy. In the present study, a section of 100 m high jointed basalt hill 
slope has been analyzed numerically in a distinct element code, which is apt for simulating the behavior for jointed rock. 
The analysis was carried out for both the dry and saturated conditions. The distinct element analysis of the hill slope 
demonstrates it to be marginally stable under dry condition, while for the saturated condition, the hill slope fails along 
well defined joint planes. 
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1. Introduction 

Slope failures along road cut hill slopes are a perpetual 
sources of distress for city planners and human habitants. 
The failure along these cut slopes is devastating, result-
ing in enormous monetary loss as well as puts human life 
in danger. Failure of geological materials is intricate due 
to heterogeneity of the geo-material and other site-spe-
cific conditions. The stability of these slopes mainly de-
pends on the rock strength, orientation and characteristic 
of the discontinuities and weathering conditions [1]. The 
joint characteristics and shear strength are the major fac-
tors dictating the stability of rock slopes [2,3]. The re-
duction in shear strength due to presence of joints can be 
detrimental for the overall health of the slope.  

A study to ascertain the stability and probable failure 
mechanism is required to avert any failure in future [4,5]. 
Numerous tools are available to assess the stability of 
slopes viz. limit equilibrium analysis, finite element 
analysis, finite difference analysis and distinct element 
method [6,7]. Due to the presence of discontinuities, 
continuum models are not enough to simulate the jointed 
rock mass slopes. Distinct element models (DEM) are the 
most appropriate tools for the simulation of jointed and 
complex rock mass [2,3,8,9]. The joint attributes are cru-
cial and critical for the stability of any rock slopes [10, 
11].  

Cundall developed a DEM code, Universal Distinct 
Element Code (UDEC) to model the blocky rock systems 

[12,13]. UDEC divides the rock mass into discrete blocks. 
A discontinuity is represented in the model as a contact 
between the two blocks. The contact between each block 
is considered soft-contacts to solve the relative normal 
displacements at the block contacts [14]. The calcula-
tions are performed alternatively between applications of 
a force-displacement law at all contacts and Newton’s 
force law at all blocks in the distinct element method 
[15]. 

The DEM has been used previously by a number of 
researchers to simulate various rock engineering condi-
tions. Zhang et al., have studied the dynamic behavior of 
a 120-m high rock slope using the DEM [16]. Esaki et al. 
modeled a natural slope to detect the instabilities caused 
by an excavation at the slope toe [17]. Bhasin and Kaynia 
and Kveldsvik et al., have explained the static and dy-
namic loading conditions in UDEC for high rock slopes 
[1,18]. Lin et al. conducted the dynamic analysis of rock 
slope based on practical seismic load and performed col-
lapse analysis of the crack development in a rock slope 
[2]. Rathod et al. have used UDEC for the analysis of 
static and dynamic response of dam abutments with a 
liner Coulomb slip constitutive model [19].  

The present study is concerned with the stability of a 
heterogeneous basalt hill slopes from Mahabaleshwar, 
India. A 100 m high section has been chosen which is 
traversed by two road cuts. The study has been con-
ducted for both dry and wet conditions. The hill is com-
posed of massive basalt which is interlayered with red 
bole layers. The joint pattern in basalts is usually random *Corresponding author. 
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and erratic. Two prominent joint sets have been taken 
into consideration for the study based on extensive field 
investigations and data records. Exhaustive field study 
and laboratory experiment were carried out to extract the 
input parameters for the numerical simulation. The hill 
slope was numerically simulated in a distinct element 
code for its factor of safety and deformational characters 
under dry and saturated conditions.  

2. Study Area 

The study area forms a part of the Deccan traps in West-
ern India which represents one of the largest accretion of 
continental lava flows covering an area of about 518,000 
km2 [20]. Najafi et al., have reported 47 lava flows from 
the region which is a part of three distinct formations 
[21]. The basalts are fine-grained, massive and jointed in 
nature. The slope considered is 100m high and accom-
modates the Mahabaleshwar town at the flat top (Figure 
1). The slopes have been traversed by two cut slopes 
which are a part of state highway 72, connecting Polad-
pur to Mahabaleshwar in Maharashtra state, India (Fig-
ure 2). The highway remains closed during the monsoon 
season due to frequent large and small slope failures 
along the cut slopes. The overall inclination of the slope 
is around 45˚, while at the upper part of the hill, the first 
and second cuts are inclined at an angle of 90˚ and 50˚, 
respectively. The lower portion of the slope is relatively 
gentle due to prolonged erosion of the region and domi-
nance of weak and weathered slope material.  

3. Field and Laboratory Investigation 

A detailed field study was carried out to assess the input 
parameters for the simulation of the hill slope [22]. Rep-
resentative basalt samples were collected from the field 
on which destructive tests were conducted as per ac-
cepted standards (Table 1). The samples were also kept 
under water till it gives constant weight to evaluate the 
effect of water saturation on the rock samples. The sam-
ples were tested in the laboratory as per the accepted tes- 
ting methods [23-29]. 

The values given as ± are the standard deviation of the 
test results. Two predominant joint sets were present in 
the area (Table 2). The flow bands were almost horizon-
tal, dipping towards the hills. They have not been con-
sidered for the analysis. Exaggerated joint spacing has 
been used for simulation to speed up the calculation time. 
As the analyzed slope was 100 m high and based on the 
field study it was decided to use the optimum spacing of 
J1 and J2 to be 5 m and 10 m, respectively, to study the 
large scale failure mechanism of the slope. 

The rock mass in the study is quite heterogeneous in na-
ture. The rocks are moderately weathered to fresh. The red 
bole layers have not been considered for the simulation, 

 

 

Figure 1. The panoramic view of the hill slope. 
 

 

Figure 2. The Google image of the study area, portraying 
the analyzed slope A-B (courtesy: earth. google. com). 
 

Table 1. Intact rock properties of Mahabaleshwar basalt. 

Material Property Dry Saturated 

Density (kg/m3) 2630 ± 140 2692 ± 90 

UCS ( MPa) 64 ± 6 58 ± 4 

Tensile strength (MPa) 7 ± 2 6.4 ± 3 

Young’s modulus (GPa) 27 ± 1.3 24.6 ± 0.6 

Poisson’s ratio 0.27 ± 0.02 0.28 ± 0.02 

Cohesion (MPa) 11 ± 1.8 10.2 ± 2 

Angle of internal friction (˚) 29 ± 2 27 ± 2 

 
Table 2. Joint orientation in the rock mass. 

Joint Set J1 J2 

Dip direction NW SW 

Dip amount (˚) 50 80 

Spacing (m) 5 10 

 
as their thickness was quite thin in this section as com-
pared to the slope dimensions.  
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4. Numerical Simulation 

The hill slope was analyzed using a universal distinct 
element code (UDEC). The DEM code was used for the 
analysis as the rock mass is jointed with two prominent 
sets of joints. The DEM enables us to gauge into the be-
havior of jointed rock mass, which is not possible in 
other numerical tools [11]. The concerned area receives 
heavy rainfall of about 1110 mm during monsoon, which 
starts from July till October. Therefore, static simulation 
of slope was performed under both dry and saturated 
states using the properties given in Table 1. The geome-
try of the 100 m high slope was constructed in the code 
with the help of contour map of the area. The slope was 
discretized to yield 646 blocks and 2372 zones in the 
model (Figure 3). Apparent dip of the joints towards the 
direction of the slope was taken in the model. Mohr- 
Coulomb based constitutive model has been used for the 
present mode [15]. The factor of safety (FOS) was cal-
culated using the shear strength reduction technique in 
the UDEC [30-32].  

A maximum velocity vector of 4.8 × 10–2 m/s while a 
maximum displacement of 1.4 × 10–1 m was developed 
for the slope (Figures 4 and 5). The FOS calculated after 
simulation was 1.25 (Figure 4). 

Under the saturated condition, an FOS of 0.92 was es-
timated. The result shows that sliding took place in the 
upper reaches of the slope. The slope had failed along the 

joint set J1, with development of tension crack along joint 
set J2 at the top surface of the slope in failure mode I and 
II (Figure 6).  

The maximum displacement of 7.03 × 10–1 m was es- 
timated in the saturated condition (Figure 7). The joints 
are at their shear limit at these states indicates probability 
of yielding condition. 

5. Results and Discussion 

The Mahabaleshwar hill slope was analyzed in UDEC 
for its stability and deformation characters. The hill slope 
was found to be stable under the dry condition with an 
FOS of 1.25, while the FOS for saturated condition was 
0.92. This shows the effect of rain/water on reduction in 
shear strength. The FOS reduced by 25.4% from dry to 
wet (Table 3). For the dry condition, the model took 
44,680 zero cycles in 18.6 seconds to attain the equilib- 
rium condition of almost zero unbalanced force (Figure 
8). The saturated model had to undergo 117,820 to reach 
the equilibrium condition in 50.1 seconds (Figure 9). 

After 13,252 cycles, the maximum displacement is re-
corded for the lower road cut, while the minimum dis-
placement is of the top slope surface in dry slope (Figure 
10). The displacement along the slope attains a constant 
value after 1 second in the model. In the saturated condition, 
the maximum displacement is recorded for the first two 
surfaces along the slope (Figure 11). The displacement 

 

 

Figure 3. The modeled geometry of the hill slope with monitoring locations. 
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Figure 4. UDEC plot for the hill slope in dry condition depicting the velocity vectors. 
 

 

Figure 5. UDEC plot for the hill slope in dry condition depicting the displacement contours. 
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Figure 6. UDEC plot for the hill slope in saturated condition depicting the velocity vectors (Inset shows detached zone). 
 

 

Figure 7. UDEC plot for the hill slope in saturated condition depicting the displacement contours. 
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Figure 8. Unbalanced force vs cycle plot for the dry condition. 
 

 

Figure 9. Unbalanced force vs cycle plot for the saturated condition. 
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Figure 10. The X displacement along monitoring points on the hill slope for dry condition. 
 

 

Figure 11. The X displacement along monitoring points for saturated condition.   
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Table 3. Comparative results of the dry and saturated DEM 
models for the hill slope. 

Results 
Dry  

condition 
Saturated 
condition 

% 
change

Factor of safety 1.25 0.92 26.4 

Maximum  
displacement (m) 

1.475E–01 7.083E–01 79.1 

Maximum principal 
stress (MPa) 

–1.888E+01 –1.963E+1 3.82 

Minimum principal 
stress (MPa) 

9.203E–01 9.583E–01 3.96 

Maximum  
velocity vector 

4.875E–02 2.553E–03 94.3 

 
plots in the saturated condition don’t attain a constant 
value but keep on increasing due to progressive failure in 
the rock slope. The least displacement has been recorded 
for the lowest bench in the hill slope. This signifies the 
movement of upper part of the slope along a well-defined 
joint plane. The slip plane wedges out along the second 
cut slope on the hill indicating a large scale plane failure. 

6. Conclusion 

A 100 m high natural hill slope composed of basalt was 
analyzed using the DEM code for dry and saturated con-
ditions using the coulomb constitutive model. Under the 
dry condition, the slope is relatively unstable with an 
FOS of 1.25 because of steep slope and heavy vehicle 
movement. The slope fails under the saturated conditions. 
The region is already infested with some major and mi-
nor slides along the road cuts. Although the total slope 
collapse has not taken place in the area, but due to con-
sistent deterioration and human intervention the possibil-
ity of it cannot be ruled out. The DEM model has also 
put light on important deformational characteristics of 
the slope, for future protection and prevention to save the 
loss of life and traffic congestion. Since the area falls 
under Seismic zone III, coupled with the vibration pro-
duced by the daily traffic, dynamic modeling of the area 
is also required. The dynamic analysis can give fruitful 
insight into the stability of the slopes, which is left for 
future consideration 
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