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Abstract 
 

Analysis of a bedding rock slope model with a structural surface that connects a splay fracture and penetrates through the 
slope was conducted based on the strength reduction method to study the dynamic response and deformation process of a 
rock slope-containing surface. The critical state of the bedding rock slope was estimated using the trend of the key point 
displacement time history curve. The safety factor and sliding surface were also estimated by the displacement vector 
diagram of the instable slope. The calculated results were verified by obtaining the safety factor and sliding surface 
through the displacement vector diagram method used in this paper and comparing them with those obtained using the 
limit equilibrium method. A preliminary analysis on the effects of the slope height, slope gradient, and bedding 
inclination on the safety factors of the bedding rock slope under dynamic loading was conducted with the finite 
difference analysis software, FLAC3D. Results showed a slight difference between the safety factors of the two different 
methods, and the sliding surface was consistent with one another in the location, indicating that the method used in this 
paper was appropriate. The dynamic safety factors of the bedding rock slope gradually decreased with the increase of 
slope height, significantly decreased with the increase of bedding inclination, and began to stabilize after a dramatic 
decrease with the increase of slope gradient. Findings offer solid guidance for time-history analysis on the dynamic 
stability of the rock slope encountering severe earthquakes and long-term stability analysis of the bedding rock slope 
under dynamic loading. 
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1. Introduction 
 
Rock slopes are prevalent in transportation construction, 
water conservancy and hydropower, mining, civil 
engineering, and other fields. Its destruction and instability 
are major issues that affect or constrain engineering 
construction. For instance, the Three Gorges reservoir area 
has numerous bedding rock slopes, which seriously affect 
the safety of the construction and operation of infrastructure 
in the area, such as roads and railways, because of poor 
stability. Rock slopes are generally stable under the natural 
state. However, rock slopes under dynamic loading often 
lead to landslides and collapses. Earthquake-induced 
landslides, which are different from static-induced landslides, 
lead to more serious disasters [1], [2]. 

Therefore, based on FLAC3D, revealing the mechanism 
of slope instability and reasonably evaluating the slope-
containing surface under dynamic loading are highly 
significant in studying the dynamic response and 
deformation process, obtaining the critical sliding surface of 
layered rock slope and its corresponding safety factor, and 
simulating the expanding law of plastic zones and the final 
failure mode. 

 

 
2. State of the art 
 
The methods to calculate the slope seismic stability include 
pseudo-static analysis, Newmark sliding block analysis, 
numerical simulation analysis, and so on [3].Pseudo-static 
analysis is widely applied because it can simplify the 
dynamic slope stability analysis [4], [5], [6], [7].However, 
this method cannot reflect the dynamic characteristics of 
dynamic loading because it takes the dynamic loading as 
static load. Meanwhile, Newmark sliding block analysis is a 
method used to evaluate the slope stability according to the 
seismic permanent deformation, which is essentially an 
average displacement and cannot reflect the displacement 
distribution of each point in the rock slope under earthquake 
loading [8]. Therefore, Newmark sliding block analysis is 
still unable to evaluate slope stability. Numerical simulation 
analysis, which contains the discrete element method [9], 
finite difference method [10], [11], and so on, can 
effectively obtain the numerical solution of mechanical 
response and the corresponding time-history curves. 
Although the numerical solution is an approximation, 
calculation results using a reasonable calculation model can 
meet the precision that engineering requires. R. Bhasin et al. 
studied both the static and dynamic simulations of a 700-m 
high slope to predict the failure characteristics under 
earthquake loading by using a two-dimensional discrete 
element program of Universal Distinct Element Code 
(UDEC) [12]. Teng G L et al. studied the effects of slope 
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height, seismic intensity, slope angle, and joint inclination 
combination on the jointed rock slope stability by 
establishing an ideal two-dimensional discrete element 
model [13]. Facciorusso J et al. put forward a grade-3 
method of zonation for seismic slope stability [14]. With 
respect to numerical simulation studies, the finite element 
method is used mainly to analyze the dynamic safety factors 
and long-term stability of the slope under dynamic loading. 
Thus, using the finite difference method as the research 
method is less. 

The remainder of this paper is organized as follows. 
Section 3 introduced the research method. Section 4 
simulated two cases. Case 1 calculated a bedding rock slope 
model with a structural surface that connects a splay fracture 
and penetrates through the slope using two methods. One of 
the methods was the displacement vector diagram method 
used in this paper, and the other one was the limit 
equilibrium method. Furthermore, the calculated results 
were compared with each other to validate whether the 
method used in this paper was feasible. Moreover, Case 2 
analyzed the effects of different slope height, slope gradient 
and bedding inclination influences on the safety factors 
under dynamic loading by calculating a bedding rock slope 
model with a group of beddings. Conclusions are 
summarized in Section 5. 
 
 
3. Methodology 
 
3.1 Strength reduction method 
The strength reduction method is essentially a search 
algorithm, in which the actual shear strength of the slope is 
divided by the strength reduction factor. The strength 
reduction factor is adjusted continuously to decrease the 
rock strength until the slope reaches its critical balance state. 
The reduction factor crw  in the critical state is defined as the 
safety factor of the slope [15]. 

The corresponding equations are as follows: 
 

 
w
cc ='                                        (1) 

 

w
φφ tantan 1' −=                              (2) 

 

crs wF =                                    (3) 
 
where  
c , φ  stand for the actual cohesion and internal friction 
angle of the ground, respectively; 
'c  , 'φ   refer to the reduced cohesion and internal friction 

angle, respectively; and , 
sF  represents the slope safety factor. 

A. Locat et al. theoretically and experimentally verified 
the strength of slope sliding zones, which were formed 
gradually in the process decrease from the peak strength to 
residual strength [16], [17]. Thus, the reduction of 
geotechnical materials should be taken into account when 
considering the slope stability analysis.  

 
3.2 Critical state determining 
The essential factor in dynamic strength reduction method is 
on how to determine whether the slope reaches the critical 
state. Under static loading, three criteria types are used 
mainly for the critical state of slopes: (1) the stress 
distribution of the slope mass, such as the existence of the 
continuous plastic zone or equivalent plastic strain from the 
slope toe to the slope top; (2) the deformation characteristics 
of the slope mass, such as sudden changes in the strain and 
key point displacement or the sliding surface; and, (3) the 
convergence of the numerical calculation. For the dynamic 
strength reduction method, no such convergence exists for 
the calculation because of the constantly changing real-time 
stress, deformation, and other parameters. Thus, the 
deformation characteristic of the slope body is used mostly 
as the criterion by the researcher in the dynamic strength 
reduction method. For convenience in studying the dynamic 
stability of the bedding rock slope under the effects of the 
earthquake, the time-history curve convergence of the key 
point displacement is used as the criterion, based on which 
the dynamic safety factor of the slope is calculated.  

In the analysis of the dynamic slope safety factor with 
such criterion, the simulation based on the finite element 
method is mostly used, with lesser studies on the dynamic 
safety factor of the slope under dynamic loading using the 
finite difference method. 

 
 

4. Result Analysis and Discussion 
 
4.1 Case 1 
A rock slope model with a structural surface that connects a 
splay fracture and penetrates through the slope is established 
in the finite difference analysis software, FLAC3D, and its 
safety factor calculation under dynamic loading is used as an 
example to demonstrate the displacement vector diagram 
method. The model length is 500 m and the model height is 
200 m. The slope height is 100 m, with a bedding inclination 
angle of 30° and a slope angle of 60°. The simulation model 
is shown in Fig. 1. The physical and mechanical properties 
of the rock layer and structural planes are shown in Tables 1 
and 2, respectively. Because the micro seismic waves 
usually occur with relatively low earthquake magnitude and 
last shortly (often for 5 to 10 seconds), the modified time-
history curve of the earthquake acceleration velocity from a 
real earthquake record is used for the analysis. The part of 
the original curve that belongs to the foreshock period is 
skipped and the wave band from 26 to 33 seconds, lasting 
for a total of 7 seconds, is used as the wave form of the 
seismic wave (see Fig. 2). The time-history curve of the 
earthquake wave is reduced to earthquake intensity IV (with 
a maximum acceleration speed of 0.22 m/s2), and then used 
as the time-history curve of the acceleration speed in the 
FLAC3D calculation. In the simulation, the rock mass is 
elastic–plastic. The Mohr–Coulomb yield criterion is 
adopted and the Coulomb’s sliding model with the surface 
contact is used for the structural plane. The boundary is 
defined as viscous with local damping, with a damping 
coefficient of 0.15[18].  
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Fig.1. Analysis model 
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Fig. 2. Time-history curve of the acceleration speed of the seismic wave reduced to earthquake intensity IV 
 
Table 1. Physical and mechanical properties of the rock layer 

Item Density 
/ kg·m -3 

Cohesion 
/MPa 

Tensile Strength 
/MPa 

Internal Friction Angle 
/°  

Young’s Modulus 
/GPa Poisson’s ratio 

Limestone 2600 1 0.6 40 25 0.22 

 
Table 2. Physical and mechanical properties of the structural planes  

Item Density 
/kg·m-3 

Cohesion 
/MPa 

Tensile Strength 
/MPa 

Normal Stiffness 
/GPa·m-1 

Tangential Stiffness 
/GPa·m-1 

Bedding plane 0.030 0.08 32 10.2 6.4 

Rear splay fracture 0.006 0.003 20 8.2 5.1 

 
With the characteristics of the bedding rock slope and 

dynamic loading taken into consideration, a determination 
method for the limit equilibrium state of the slope is 
proposed, in which the trend of the time-history curve of the 
key point displacement is used to determine whether the 
slope remains stable or not. The specific determination 
process is as follows: 

The main criterion for the stable state of the slope is 
that the time-history curve of the key point displacement 
tends to converge along the latter time axis, which means the 
displacement does no change with time in such period. 
Similarly, the proof for the slope being instable is that the 
time-history curve of the key point displacement is inclined 
to diverge along the latter time axis, in which case the key 

point displacement keeps changing in such period. Taking 
the case of the rock slope with the rear splay fracture and 
continuous structural plane as an example, the horizontal 
permanent displacement change rate slightly increases with 
the growing reduction factor when the reduction factor is 
below 1.14. However, with the reduction factor beyond 1.14, 
the change rate of the horizontal permanent displacement 
grows significantly with the increase in the reduction factor 
(see Fig. 3). Thus, it is safe to say that with K=1.14, the 
slope reaches its critical stable state under the dynamic 
loading of earthquake intensity V. In other words, a 
reduction factor of 1.14 can be regarded as the dynamic 
safety factor for the slope under earthquake intensity V. 
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(1) k=1.13 

 
(2) k=1.14 

 
(3) k=1.15 

Fig. 3. Time-history curve of the horizontal displacement of the observation point 
 
 

The safety factor of the described slope under the 
pseudo-static dynamic loading is analyzed using the limit 
equilibrium method to validate the calculation results from 

the displacement vector diagram method used in this paper. 
The calculation model is the same as the one used by 
FLAC3D. The pseudo-static dynamic loading is defined as 
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equal to earthquake intensity IV and the acceleration 
velocity is 0.022 g. The loading is evenly distributed along 
the slope, and the synthetic affection coefficient is 0.23. The 
calculated safety factor from the limit equilibrium method is 
1.06. By comparing the results of the two methods, it can be 
observed that the safety factors are slightly different in 
magnitudes and generally close to each other, with a gap of 
only 7%. The difference can be attributed to the different 
dynamic loading inputs. In the finite difference method, the 
loading is represented by the applied stress time-history 
curve on the slope bottom, whereas in the limit equilibrium 
method, the loading input is constant and pseudo-static. 
Meanwhile, the sliding surfaces determined by the two 
methods both coincide with the structural plane penetrating 
through the slope. The safety factors and basically consistent 
sliding surfaces indicate the validity of the displacement 
vector diagram method used in this paper. Hence, analyzing 
the slope safety factors under dynamic loading using 
FLAC3D is possible. 

As shown in the previous case study of the dynamic 
strength reduction method, the permanent displacement of 
the potential sliding body basically changes in a small range 
after a one-time earthquake shock when the rock mass 
remains stable. In other words, the displacement time-
history curve converges. In comparison, if the rock mass is 
unstable, after just one shock, the permanent displacement 
dramatically increases together with a significant growth in 
the change rate, indicating that the displacement time-history 
curve diverges. Therefore, under a frequently-occurring 
micro seismic wave, the dynamic stability of the bedding 
rock slope can be determined by the convergence of the 
slope displacement time-history curve. To identify the 
critical state of the slope accurately, the horizontal 
displacement difference between observation points on the 
slope surface and the rock base can be taken as the stability 
criterion. 

The failure pattern for the bedding rock slope is mainly 
sliding along the bedding plane or the weak plane inside the 
rock mass, and sudden changes occur in the displacements 
of the rock layers above and below the sliding surface. 
Therefore, the potential sliding surface among the many 
bedding planes can be identified in the horizontal 
displacement contour map. 

 
4.2 Case 2 
Based on the analysis in the previous section, the factors that 
affect the safety of the bedding rock slope, such as the slope 
height, slope gradient, bedding inclination angle, and 
loading frequency, are studied in this section in a single-
factor manner using FLAC3D. 

The calculation model is shown in Fig. 4. The rock slope 
contains a group of beddings with an average thickness of 10 
m unless stated otherwise. For the model geometry, the 
horizontal section length of the slope toe is 1.5 times the 
slope height whereas the horizontal section length of the 
slope top is 2.5 times the slope height. The slope angle is 
defined asα , the bedding inclination angle β , and the slope 
height H. The element size of the model meets the 
requirements to avoid distortion of the seismic waves in the 
analysis. 

 

 
Fig. 4. Analysis model geometry and boundary condition 

 
 
In the simulation, the rock is considered the ideal 

elastic–plastic material, and the Mohr–Coulomb strength 
criterion is used as the yield criterion. The Coulomb’s 
sliding model with face contact is used, with regard to the 
bedding plane [18]. The physical and mechanical properties 
of the rock layer and the structural plane referring to other 
similar engineering are shown in Table 3 and Table 4, 
respectively [19]. 

 
Table 3. Physical and mechanical properties of the rock 

Item Internal Friction Angle 
/° 

Cohesion 
/MPa 

Density 
/kg·m-3 

Bulk Modulus 
/GPa 

Shear Modulus 
/GPa 

Tensile Strength 
/MPa 

Metamorphic Tectonite 38 1.0 2500 5.556 4.167 0.7 

 
 
Table 4. Physical and mechanical properties of the structural plane 

Item Cohesion 
/MPa 

Normal Stiffness 
/GPa·m-1 

Tangential Stiffness 
/GPa·m-1 

Tensile Strength 
/MPa 

30 30 12.4 8.6 10 

 
The cosine shear wave is used as the input wave of the 

dynamic loading. The time-history curve of the acceleration 
speed is ( )fta πλ 2cos= , in which equation λ  is equal to 
0.22m/s2  (of earthquake intensity IV). The input of seismic 
wave still needs to be transformed into the corresponding 
stress time-history. 

The viscous boundary available in FLAC3D is used to 
absorb the energy of the incident waves and minimize the 
effect of boundary-reflected waves under dynamic loading. 
The input of dynamic loading should be in the form of stress 

time-history curve, and the transformation equations from 
the velocity time-history curve to the stress time-history are 
as follows: 
 

( ) npn vCρσ 2−=                                 (4) 
 

( ) sss vCρσ 2−=                                 (5) 
 
where 
 nσ  = normal stress; 
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 sσ  = shear stress; 
ρ = media density; 

pC , sC are the travelling speeds of the P and S waves in 
the media, respectively; and,  

nv , sv  are the speeds in the vertical and horizontal 
directions, respectively. 

The local damping is used in the simulation, and the 
corresponding damping coefficient is assumed to be 0.15 
according to Deng Y. R [18]. 

 
4.2.1 Effects of the slope height on the safety factors 
Five different scenarios of the slope height are used for the 
analysis, namely, the slope heights of 60, 100, 150, 200, and 
300 m. The slope angle α  is equal to 60°. The bedding 
inclination angle β  is equal to 20°. The seismic wave 
frequency f  is equal to 3Hz. The horizontal displacement 
difference of the observation points is shown in Fig. 5. The 
horizontal displacement contour map is shown in Fig. 6. 

 

 
(1)65m                                                                                        (2)100m 

 
(3)150m                                                                                       (4)200m 

 
(5)300m 

Fig. 5. Horizontal displacement difference between the slope top and base rock with different slope heights ( !! 20,60,3 === βαHzf ) 
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(1) Reduction factor=1.63 ( 60=H ) 

 
(2) Reduction factor=1.57 ( 100=H ) 

 
(3) Reduction factor=1.55 ( 150=H ) 

 
(4) Reduction factor=1.53 ( 200=H ) 
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(5) Reduction factor=1.51 ( 300=H ) 

Fig. 6. Contour map of the displacement in the X direction (m) 
 
 

The relationship between slope height and dynamic 
safety factors is shown in Fig. 7. The dynamic safety factors 
gradually decrease with the increase in the slope height. At a 
slope height range of 0 to 150 m, the safety factors decrease 
relatively fast with slope height variation, indicating a high 
sensitivity of the safety factors to the variation at the slope 
height range of 0 to 150m, and slow change in the safety 
factors in the range of 150 to 300 m. 

 
Fig. 7. Slope height vs. safety factors ( !! 20,60,3 === βαHzf ) 

 
4.2.2 Effects of the bedding inclination angle on the 
safety factors 
Five different bedding inclination angle scenarios are used to 
analyze the effects of the bedding inclination angle on the 
stability of the bedding rock slope, namely, bedding 
inclination angles of 15°, 20°, 25°, 30°, and 35°. Slope angle 

 is equal to 60°. The slope height  is 
equal to 100 m. The seismic wave frequency  is 
equal to 3Hz. The horizontal displacement difference of the 
observation points is shown in Fig. 7. The horizontal 
displacement contour map is shown in Fig. 8. 

The relationship between the safety factors of the rock 
slope and the bedding inclination angle is shown in Fig. 9. 
As shown in the figure, the dynamic safety factors reduce 
significantly with the increase of bedding inclination angle. 
The change magnitude is relatively large, indicating that the 
bedding inclination angle has direct effects on the stability 
of the bedding rock slope.  

 

 

 
(1)15°                                                                                        (2)20° 
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(3)25°                                                                                        (4)30° 

 
(5)35° 

Fig. 8. Horizontal displacement difference between the slope top and base rock with different bedding inclination angles 
 ( mHHzf 100,60,3 === !α ) 

 
(1) Reduction factor=2.06 ( !15=β ) 

 
(2) Reduction factor=1.58 ( !20=β ) 
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(3) Reduction factor=1.30 ( !25=β ) 

 
(4) Reduction factor=1.12 ( !30=β ) 

 
(5) Reduction factor=0.82 ( !35=β ) 

Fig. 9. Contour map of the displacement in the X direction (m) 
 

 
Fig. 10. Bedding inclination angle vs. safety factors ( mHHzf 100,60,3 === !α ) 

 
4.2.3 Effects of the slope angle on the safety factors 
Five cases, with slope angles of 45°, 50°, 55°, 60°, and 70°, 
are established to study the effects of the slope angle on the 
stability of bedding rock slope. Bedding inclination angle 
β is equal to 20°. Slope height H is equal to 100 m. The 
seismic wave frequency f  is equal to 3Hz. The horizontal 
displacement difference of the observation points is shown 
in Fig. 11. 

The horizontal displacement contour map with different 
slope angles is shown in Fig. 12, which shows that the 
potential sliding surfaces under the 3-Hz seismic wave are 
basically similar to each other. 

The correlation between the slope angle and the dynamic 
safety factors is shown in Fig. 13. As shown in the figure, at 
a slope angle range of 45° to 55°, the dynamic safety factors 
decrease with growth in the slope angle; in the range of 55° 
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to 70°, the dynamic safety factor tends to reach its stable state and the change magnitude is relatively small. 

 
(1)45°                                                                                          (2)50° 

 
(3)55°                                                                                        (4)60° 

 
(5) 70° 

Fig. 11. Horizontal displacement difference between the slope top and base rock with different slope angles ( mHHzf 100,20,3 === !β ) 

 

 
(1) Reduction factor=1.64 ( !45=α ) 
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(2) Reduction factor=1.60 ( !50=α ) 

 
(3) Reduction factor=1.60 ( !55=α ) 

 
(4) Reduction factor=1.58 ( !60=α ) 

 
(5) Reduction factor=1.58 ( !70=α ) 

Fig. 12. Nephogram of X direction displacement (m) 
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Fig. 13. Relation between slope gradient and safety factor ( m100,20,3 === HHzf !β ) 

 
5 Conclusions 
 
The dynamic response and deformation process of the rock 
slope-containing surface under the dynamic loading was 
studied using method of estimating the critical state of the 
bedding rock slope using the trend of the key point 
displacement time-history curve. The corresponding safety 
factor and sliding surface were then obtained. Analyses on 
the effects of the slope height, slope gradient, and bedding 
inclination on the safety factors of the bedding rock slope 
were also studied. The conclusions are obtained as follows. 

(1)Results of safety factor and sliding surface calculated 
via the introduced method were compared with those from 
the limit equilibrium method. The comparison showed that 
the difference between the two safety factors was small and 
the sliding surface locations were basically consistent, which 
successfully validated the method used in this paper. 

(2)In general, the dynamic stability of the bedding rock 
slope was gradually compromised by the increasing slope 
height. At the slope height range of 0 to 150 m, the safety 
factors changed relatively fast as the slope height varied, 
whereas in the range of 150 to 300 m, the change was slow. 

(3)The dynamic safety factors of the slope significantly 
decreased with the growth of the bedding inclination angle. 

(4)A transformation of the change pattern of dynamic 
slope safety factors from the quick to the slow mode was 
also observed as the slope angle varied. When the slope 
angle lay at the 45° to 55°, the dynamic safety factors 
decreased with the growing slope angle; at a slope angle of 
55° to 70°, the slope safety factor approached the stable state. 

Rock slope stability was studied in this paper. However, 
given the complexity of the problem, further studies are 
necessary to determine the effects of structural face interval, 
seismic wave amplitude, and frequency on the safety factors 
of bedding rock slope under dynamic loading, as well as the 
consistency of the theoretical solution and numerical 
solution for the safety factor of a bedding rock slope. 
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