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Abstract: Failure analysis of rock slope is a core topic in rock mechanics and geotechnical engineering. This paper 
simulates the failure mechanism of a rock slope formed by mudstone at Girdu, Pakistan. Initially, site surveys and 
laboratory experiments were carried out to measure slope geometry and input shear strength properties of the material. 
The geotechnical structure and model analyzing computer program (GeoSMA3D) was used to determine the stability 
of the main slippery blocks. A shear strength reduction method was selected in a three-dimensional distinct element 
code (3DEC) to examine the failure mechanism, the factor of safety (FS), shear strain concentration, and displacement 
of slope at various monitoring points. Furthermore, the effect of the rock slippery block, slope angle, and slope 
height on failure modes of slope were assessed. The present results showed that the studied section is prone to big 
planer failure at both maximum and minimum strength properties. Slope angle and height significantly influenced the 
failure characteristics of rock slope . It is inferred that these parameters must be precisely considered during slope 
reinforcement design. 
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1.	 INTRODUCTION

Landslides are one of the most common geological 
natural hazards. Every year, many disastrous 
landslides occur all over the world, causing loss 
of property and life [1, 2]. This causes significant 
fatalities, economic losses injuries, and property 
damages. In the past decades, many methodologies 
have been proposed to reduce the risk of harm 
caused by rock failure. For highway planners slope 
failure hazards are the major concern for vehicle 
transportation and economic opinion [3, 4]. Slope 
failure mechanisms mostly depend on material 

strength, geological conditions, climatic conditions, 
hydrological conditions, slope geometry, and 
discontinuity characterization [5, 6]. Slope failure 
includes lateral spread, erosion, toppling, wedge 
sliding, creep, rotational landslides, tension 
cracking, translational landslides, squeezing, rock-
fall, and sliding after loss of toe support [7].

Slope failure is a type of shear failure that 
causes detachment of unsupported rock material. 
Sometimes, rock failure can be naturally under the 
influence of gravity, like freeze-thaw cycles slide 
[8], or seismic exertion [9]. Therefore, the motion 



of rock fall is mostly dependent on the volume of 
the sliding surface, its geometry, the shape of the 
sliding blocks, slope inclination angle, and surface 
irregularities [10]. Sometimes slope failure occurs 
due to the effect of heavy machine movement 
and blasting [11]. However, the displacement of 
rounded-shaped blocks was more than compared 
to square-shaped blocks [12].  The height of the 
slope, its dip angle, and the volume of the sliding 
surface categorize the motions of the rock slope. 
In previous studies, four types of rock motion have 
been discussed, such as sliding, bouncing, free fall, 
and rolling [13]. The simulation of the rock failure 
mechanism is a complex process that plays an 
important role in understanding rock-fall hazards. 
During rock slope stability analysis, estimating 
safety factors is a difficult and important task. 
For this purpose, a great effort has been made to 
develop a suitable computer code that can directly 
and efficiently simulate slope stability factor and 
displacement. In previous studies, Wang et al. 
[14] established GeoSMA3D software to judge the 
stability of rock blocks. Liu et al. [15] applied the 
UDEC simulator to study the effect of blasting on 
jointed rock slopes. Sarkar et al. [16] assessed slope 
stability and landslide hazard by  finite element 
analysis. Singh et al. [17] selected finite element 
computer code to simulate the stability of road-cut 
cliffs in basaltic rock mass. Zhao et al. [18] used 
unmanned aerial vehicle (UAV) photogrammetry 
to investigate the stability of rock cliff faces and 
multistep rock slopes. Kou et al. [19] used the article 
hydrodynamics method to study the progressive 
failure process of jointed rock slope. Gautam and 
Mehndiratta [20] applied FLAC2D to analyze the 
rock slope stability considering an infilled planer. 
These studies computed the stability of rock 
considering joints ignoring key slippery blocks. 
Also, no one simulated the failure mechanism of 
rock slopes formed by mudstone.

In the present study, geotechnical structure 
and model analyzing (GeoSMA3D) software 
was first applied to simulate the stability of rock 
slippery blocks. Then, 3DEC was used to simulate 
the stability of a rock slope formed by mudstone 
at station point 5 + 800, Girdu, Pakistan. Finally, 
the effect of several parameters on the slope failure 
profile was studied using 3DEC software. 

2.    STUDY AREA AND GEOLOGY  

Girdu Hill Station is located in the Suleiman 
Mountains near Fort Munro, Pakistan. The 
Suleiman Mountains are a mountain range in 
Pakistan, located in the central part of the country 
as shown in Figure 1. These are the southern part 
of the Hindu Kush Mountains and extend into the 
Baluchistan, Khyber Pakhtunkhwa, and Punjab 
Provinces. The Girdu  hilly area separates the 
Punjab province from  the Baluchistan province. 
The eastern face of the Girdu hills dip steeply to 
the Indus River and its altitude is 1800 meters. The 
National Highway N70 transects the Girdu Hill 
Station, making it a pivotal route for travelers and 
goods transport. It is 85 (Km) away toward the west 
of the City. The National Highway N70 connects 
the Punjab province to the Baluchistan province. 
The geological formation of the rock is mudstone. 
Physical analysis of rock slope shows three 
dominant discontinuity sets J1, J2 and J3 dipping at 
different angles, as shown in Figure 2. Discontinuity 
sets have incessant lengths in the range of several 
meters. The discontinuity J1 dips towards the road 
and J1, and J2 dips in the direction of the hill. The 
orientation of the discontinuities was judged during 
the field investigation as presented in Table 1. The 
true dip and dip direction of discontinuity were 
measured by a geological compass. The height 
and the length of the slope are 20 (m) and 500 (m), 
respectively, which is measured with a total station. 

Fig. 1. Site location map (a) and Road alignment in red 
color (b).

Fig. 2. Topographical, joint distribution, and rockfall at 
the station (5 + 800).
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3.    METHODOLOGY

3.1. Laboratory Experiments 

A uniaxial test is performed to estimate the 
mechanical properties of mudstone at various 
axial stresses (σ). Figure 3 shows the mudstone’s 
results and deformation modes. Density, cohesion 
(c), and internal friction (ϕ) were determined by 
the uniaxial test (Table 2). The normal and shear 
stiffness of joints were estimated from the rock 
mass modulus, intact rock modulus, and joint 
spacing, assuming that the deformability of rock 
layers is due to the deformability of the intact rock 
and the deformability of the joints.

3.2. Identification of Slippery Blocks

During the field survey, two types of failure surfaces 
of the slippery blocks were noticed (Figure 4).  The 

first type was formed due to the intersection of the 
slope surface with the slope shoulder, and the other 
type was formed by the slope face and discontinuity 
intersection. The dip angles of these surfaces are θ1 
and θ2, respectively. The coordinates of the slope 
shoulder are (x1, y1, z1) and (x2, y2, z2). Several blocks 
are formed on the slope face due to the presence of 
joints. The presence of the rock blocks on the face 
of a slope increases the instability resulting in slope 
failure [20]. Joint surfaces were traversed with the 
slope shoulder. The slope coordinates are governed 
by the following Equation (1).

                                                     (1)

The radius of the slope is r, the center of 
coordinates is x0, y0, z0 and the dip direction is α. 
So, with the help of a normal vector (l, m, n) the 
equation of the joint plane can be expressed in 
Equation (2) as:

                      (2)

Equation (3) will be tested if there is a factual 
resolution from Equations (1) and (2) as:

                 (3)

If the attained factual result satisfies Equation 
(3), this means that the slope shoulder and joint 
plane intersect with each other. So, both Equations 
(4) and (5) can be applied to judge the joint plane i 
and j respectively, as:
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Discontinuity True dip (°) Dip direction (°)
JI 41-7 302-3
J2 66-2 279-9
J3 91-1 173-4
Flaws 13-5 069-2

Table 1. Discontinuity orientation at the study area.

Fig. 3. Experimental results and deformation of 
mudstone sample.

Material Density
(g/cm3)

c
(MPa)

ϕ
(°)

Kn
(GPa/m)

Ks
(GPa/m)

Rock

Mudstone

2.03

1.61

3.54

0.08

32

22.9

25.27

22.67

6.1

5.73

Table 2. Mechanical properties of cut slope material 
maximum and minimum values.

Fig. 4. Sliding model showing the failure mechanism for 
double failure surface.
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                                        (4)

                                        (5)

For the top of the cut slope, the plane equation is:

                                             (6)

If Δ =  = 0, then Equations (4), (5), 

and (6) have no factual solutions, and discontinuity 
planes i and j seem on the crest of the cut slope. In 
contrast, the factual solution is explained as:

                                         (7)

                                                                     (8)

Then, within the joint planes i and j, Equation 
(9) has been used to evaluate the corresponding 
joint planes.

                        (9)    

Where xi, yi, and zi are coordinates, xj, yj, and zj are 
midpoints of discontinuity planes, and ri and rj are 
the radii. Results can lead to the ultimate judgment 
of obtainable slippery blocks.

Equation (5) satisfies Equation (6) and 
Equation (7) based on discontinuity planes, 
coordinates, and radius of the failure surface. This 
solution leads to the final judgment of sliding 
surfaces, sliding blocks, and the corresponding 
radius of the slip circle of the slope [21].

3.3. Slippery Block Stability Calculation

After getting the coordinates, dip direction (α), 
and dip angle (β) of the sliding plane, the cosine 
of the inclination (θ) is calculated from the spatial 
geometry of the sliding surface. In the sliding 
mechanism, two sliding surfaces detached from the 
parent rock at the same time, when the coordinates 
of two points A and C are (xa, ya, za) and (xc, yc, zc), 
respectively. The angle between the two surfaces 
was θ1 and θ2, which satisfies Equation (8). So, the 
FS of the double sliding model can be elaborated as 

and

Equation (9). The energy equation of the model can 
be shown as Equation (10).

                                               (10)

Where , , 
, β is the dip of structure and α is the inclination 
of structure. A block moves smoothly across the 
surface, and its shape is illustrated in Figure 5. In 
this model, the FS of the block can be calculated by 
Equation (11) as:

                      (11)

Where, ϕ1, ϕ2 and c1, c2 are friction and cohesion of 
the cut slope material, respectively, and θ is the dip 
of the intersection of the slipping plane S1 and S2. 
In Equation (11) N1, N2 is the normal force of the 
slipping planes and fulfills Equations (12) and (13). 
Where θ1 and θ2 are the angles between the upper 
normal of the plane.

               (12)

          (13)

Finally, the factor of safety for each slippery block 
can be calculated by using Equation (14).

                        (14)

In Equation (14) fsi is the safety factor of the block. 
ϕ1, ϕ2, and c1, c2 are friction and cohesion of the cut 
slope material, respectively, and θ is the dip of the 
intersection of the slipping plane S1 and S2. N1, N2 is 
the normal force of the slipping planes. θ1 and θ2 are 
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Fig. 5. Double sliding surface model.
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the angles between the upper normal of the plane 
and G is the gravity of the block.

4.    SLIPPERY BLOCKS CLASSIFICATION

4.1. GeoSMA3D Computer Code

Wang et al. [14] developed a 3D numerical slope 
stability analysis computer program (GeoSMA3D) 

for identifying rock sliding blocks. This program 
can simulate a discontinuity network, the number 
of slippery blocks, its sliding planes, the volume 
of blocks, and the corresponding FS [21]. The flow 
chart in Figure 6 shows the scheme of analysis and 
the development of the program.

4.2. Sliding Blocks Stability Simulation

Rock block theory and a three-dimensional 
numerical slope stability analysis computer 
program GeoSMA3D are used in the current study 
to simulate the FS of each slippery block. The main 
analysis procedures include three-dimensional 
discontinuity network simulation of slope, closed 
block identification, removable and slippery 
block identification, FS calculation, joint plane 
simulation, and volume and sliding faces of blocks 
determination through this software [10, 21, 22].

The slope was modeled with a length of 60 m, 
width of 80 m, height of 40 m, and crest of 20 m 
in GeoSMA3D software as shown in Figure 7. The 
dip angle was determined as 60°. Then the value 
of internal friction angle and cohesion were taken 
from Table 2. 

The method presented by Wang and Ni [21] 
is selected within the framework of GeoSMA3D to 
compute the stability of each slippery block and the 
results are shown in Figure 8. Joints are indicated 
by the trace lines. The pattern of the slippery blocks 
yields the shapes of all wedge blocks. Most of the 
slippery blocks were tetrahedrons or hexahedrons. 
The distribution, shape, and position of all the 
slippery blocks of the rock slope. The safety factor, 
volume of slippery blocks, and the number of sliding 
faces of each slippery block were determined. The 
slippery block whose FS is smaller than one harms 
the stability of the whole slope. 

5.    STABILITY SIMULATION

5.1.	Models Parameters and Failure Criterion 

According to slope geometry, a possible model is 
created in 3DEC software (Figure 9). The material 
strength parameters are assigned according to 
Table 2. Mohr-Coulomb yield criterion is selected 
to model the material behavior. The stability of 
the whole slope is simulated via the shear strength 
reduction method. In this paper. The rock slope 
model is divided into hexahedral blocks composed 
of hexahedrons 4 m in size. Then this slope model is 
imported into the three-dimensional distinct element 
code (3DEC) as a numerical model. The number 
of blocks and apexes in the numerical model were 

Fig. 6. Flowchart scheme showing the stability analysis 
procedure in GeoSMA3D, after Wang and Ni [21]. Fig. 7. Slope model with joint planes.
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18389 and 112464, respectively. Each hexahedron 
is assumed as a rigid block in the numerical model. 
The input properties for the jointed rock slope and 
discontinuities are presented in Tables 1 and 2. It 
should be noted that the parameters for the virtual 
joints formed by the interfaces between blocks need 
to be carefully determined based on the lithology 
of the rock mass. In Table 1, γ is the unit weight, 
c is cohesion, ϕ is the internal friction angle, Ɠ is 
the shear modulus, Ɓ is the bulk modulus, ƙn is the 
normal stiffness of the discontinuity, and Ƙs is shear 
stiffness of the discontinuity.

3DEC uses the shear-strength reduction 
method (SRM) to perform the stability analysis of 
geotechnical structures. Several simulations were 
executed by increasing the trial value of reduction 
factor (f) until slope failure. The safety factor 
(FS), at failure, equals the trial value of f [23]. In 
the strength reduction technique, the φ and c are 
reduced at different trial values of SRF until cut 
slope failure occurs as:

                                                                (15)

                                                 (16)

Where cf is reduced cohesion and φf reduced internal 
friction angle. 

The failure of the slope has two obvious 
characteristics in the 3DEC modeling process: (i) 
there is no slippery block, and most of the blocks 
on the entire slope are nearly static; although a few 
blocks are displaced, these blocks are not moved 
out of the boundary of the model, as shown in 
Figure 10(a). (ii) A small number of blocks will slip 
out of the model boundary, which also triggers the 
movement of some other blocks. Some blocks will 
become unstable and eventually induce large-scale 
sliding (Figure 10b). 

6.    RESULTS AND DISCUSSION

In the current study, rock slope stability was 
simulated through numerical modeling. Rock block 
theory within the network of GeoSMA3D software 
was used to identify slippery blocks and the stability 
of each slippery block. The relationship between the 
number of slippery blocks and the corresponding 
FS of each slippery block was assessed. It has been 
observed that most of the slippery blocks have a 
value of FS less than one, and only three blocks 
have an FS of more than 1.1; these three blocks 
have distinct key blocks [24]. For that reason, this 
can be decided that the proper dressing of the rock 
slope is favorable to improve the stability along the 
road.

To study the cut slope stability, two different 
slope angles of 45° and 60° were selected, because 

Fig. 8. All Slippery blocks in red color. Shapes of 
slippery blocks (a1, b1) and location of slippery blocks 
(a2, b2).

Fig. 9. Geometry of slope and joint position.
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the slope angle ranges from 45° to 60°. Figure 11 
shows a schematic diagram of the slippery blocks 
searched at slope angles of 45° and 60°. The 
volume of block and FS was largely affected by 
the slope angle [25]. The safety factor decreased as 
the number of block sliding faces increased. This 
can be seen that as the slope angle becomes larger, 
the number of slippery blocks maintains a certain 
range, but the overall sliding surfaces of the block 
and the volume of each block have increased on a 
large scale [26]. Meanwhile, the safety factors of 
block number 1, 19, and 22 are larger than 1.1, when 
the slope dip is considered as 45° (Figure 11a). In 
addition, the FS of block numbers 2, 13, and 18 are 
more than 1.1 when the slope dip is considered as 
60° (Figure 11b). These blocks could improve the 
stability and reinforcement measurement quality of 
rock slopes.

The concentration of shear stress in different 
zones of slope is examined, as shown in Figure 
12. The maximum concentration of shear stress of 
5.945x103 MPa is observed at the upper part of the 

slope. At the slope toe, the maximum shear stress 
of -3.00x105 is recorded. At six monitoring points, 
the displacement history of the slope is studied 
via 3DEC considering two different slope angles 
and heights. The x-displacements were rising in 
monitoring locations near to slope crest as shown 
in Figure 13. When the slope angle was 45°, the 
maximum x-displacement of 14 cm at monitoring 
location M6 was recorded.

Fig. 10. (a) Zero slippery block, and (b) few slippery 
blocks.

Fig. 11. Relationship diagram between block sliding 
faces and corresponding FS. (a) The slope angle is 45°, 
and (b) the slope angle is 60°.

Fig. 12. Contour of shear stress and six various 
monitoring points.
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The maximum x-displacement of 16 cm 
at monitoring location M6 was observed when 
the slope angle was 60°. It means, that as the 
slope angle rose the x-displacement also rose 
significantly. This is because of a higher angle, 
which produces more gravity resulting in a higher 
value of displacement. At monitoring locations M1, 
M2, and M3, the x-displacement was lower than 
that of the monitoring locations M4, M5, and M6. 
The higher value of displacement around the crest 
can cause big planner failure of the slope. So, the 
upper part of the slope needs more attention during 
slope reinforcement design.

Considering different heights of slope, the 
x-displacement history plot is presented in Figure 
14. Slope height has a remarkable effect on slope. 
At slope heights of 40 m and 60 m, the maximum 
x-displacement of 16.4 cm and 21 cm was recorded, 
respectively. The horizontal displacement of the 
slope first suddenly increased at a time of 10, and 
after that, it maintained the same value. Almost 
similar observations were noted in all cases. The 

magnitude of displacement in the first case was 
higher as compared to the second case. Based on 
numerical investigations, strain concentration, and 
displacement history plots indicate that the mud 
rock slope is most likely to fail by the big planner 
at the top.

7.    CONCLUSIONS 

In this research, GeoSMA3D and 3DEC software 
were used to analyze the stability of rock slope form 
by mudstone. From the numerical simulations, the 
following conclusions are drawn:
1.	 Rock block theory is adopted within the 

framework of GeoSMA3D software to search key 
slippery blocks. Block volume, block sliding 
faces, and corresponding FS were determined 
by the numerical tool. Results suggest that most 
of the blocks have FS less than one.   

2.	 The progressive failure of the cut slope was 
examined by the strength reduction method 
within the system of 3DEC. This was computed 
from the shear strain and displacement contour 

Fig. 13. Displacement history plot at various monitoring 
points. (a) The slope angle is 45°, and (b) the slope angle 
is 60°.

Fig. 14. Displacement history plot at various monitoring 
points. (a) Slope height is 40 m, and (b) slope height is 
60 m.
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plots at different slope angles and heights. 
Increasing the slope angle and height increase 
in x-displacement is recorded. Numerical 
outcomes showed that a big planner failure can 
take place at the upper portion of the slope. 

3.	 Numerical results suggest that slope angle 
and height are important factors that affect the 
failure modes of slope. Results also indicate 
that the slope is unstable. Therefore, it needs to 
take proper slope reinforcement measures.          

This study only considered static loads, so in future 
research dynamic loads and rainfall intensity must 
be taken into account for better understanding.
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