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The seismic dynamic responses of rock slopes are a hot 
topic for geotechnical engineering studies. Based on 
the interaction between rock slope and anchor bolts, a 
dynamic numerical model of a layered rock slope was 
developed using the finite difference software FLAC3D. 
The dynamic response patterns of anchored and natural 
slopes under seismic loads were analysed to obtain the 
supporting effect of anchor bolts during seismic activity. 
The results indicate that under seismic loads, tensile 
cracks at the intersection of the top and joint surface 
develop into a drawing open surface of the back edge, 
and a shear slip occurs at the base of the slope, both of 
which result in the formation of tensile-shear slip failure. 
Permanent slope displacement accumulates only when 
seismic acceleration exceeds the critical acceleration. 
The slope deformation has been constrained, and the 
performance of the slope during the seismic activity has 
been strengthened by anchor bolt supports, which sig-
nificantly increase the ductility of the rock slope under 
seismic loads. Moreover, during an earthquake, the axial 
forces of anchor bolts in the middle slope rise more 
than at any other position. After the earthquake, anchor 
bolts in the middle have been shown to exhibit maxi-
mum axial force. As a complex problem, stability analysis 
of seismic slopes is important. The analysis of seismic 
slope failure and the mechanism of slope anchoring are 
particularly complicated. The present study will help to 
improve future research on the seismic design and dyna-
mic analysis of slopes supported by anchor bolts. 
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SEISMIC landslides are among the worst disasters in moun-

tainous areas all over the world. As the main motivating 

factor, earthquakes could easily induce slope collapses, such 

as the 1995 Kobe earthquake in Japan1 and the 2008 Wen-

chuan earthquake in China2. Seismic landslides have not 

only caused heavy casualties and substantial property 

damage3 but have also induced physical dysfunction and 

post-traumatic stress disorder (PTSD) among the survivors 

and associated risk factors among children after the events, 

which poses a major threat to post-earthquake reconstruc-

tion2,4,5. Seismic stability of slopes and methods for enhanc-

ing seismic resistance of slopes under earthquake excitations 

are the most important engineering problems in geotechnical 

earthquake engineering. However, mitigation of the disasters 

posed by such events relies on whether we can fully predict 

the potential risk. 

 During the last decades, the problem of seismic landslides 

has been analysed by researchers using various methods, 

including field investigation6,7, numerical simulation8,9 and 

physical model tests10–13. In the practical application of solv-

ing slope stability problems, numerical simulations have 

more advantages in accuracy and affordability than field 

investigations and physical model tests. Griffiths and Lane14 

summed up the analysis results of slope stability on account 

of a shear-strength reduction technique, as well as described 

the merits and demerits of using the numerical method in 

practical applications of slope engineering. Wang et al.15 

carried out a general study on heavily jointed rock slope sta-

bility using Particle Flow Code 2 Dimensions (PFC2D) 

software. Choi and Chung16 described the differences in 

two distinct constitutive models by simulating the stability 

of jointed rock slopes. Li et al.17 analysed the influences of 

seismic parameters on the safety factor of bedding rock 

slopes under seismic load. Wang et al.18 studied the dynamic 

response and axial stress distribution of rock bolts under 

explosive stress waves produced by concentrated charging. 

Xu et al.19 analysed the dynamic response laws and the 

impact of ground motion parameters to the earthquake res-

ponses using the FLAC3D program. Dong and Zhu20 numeri-

cally examined the dynamic response of the slope supported 

with a framed anchor using the ADINA program. Li et al.21 

simulated the landslide process of Donghekou. Zheng et 

al.22,23 numerically studied the failure of the fracture surface 

to slope due to an earthquake based on the FLCA dynamic 

strength reduction method. Taking into account the impact of 

mining activities, Xu et al.24 numerically examined the land-

slide process of Jiweishan. A case study of Zhaoshuling land-

slide was carried out using FLAC3D numerical simulation25. 
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Table 1. Parameters of rock mass and joint used for simulation 

 

Material 

Density  

 (kg/m3) 

Elastic modulus  

E (GPa) 

Poison  

ratio  

Cohesive  

force C (kPa) 

Internal friction  

angle  () 

Tensile  

strength b (MPa) 
 

Rock mass 2500 3.0 0.2 500 35 1.00 
Joint 1700  0.01 0.3 120 20 0.05 

 

 

Table 2. Physico-mechanical parameters of anchor bolts 

 

Anchor 

length  
L (m) 

 

Dip  

angle  
 () 

 

Separation  

distance  
s (m) 

 

Elastic  

modulus  
E (GPa) 

 

 

Poison  

ratio  

Cross- 

sectional 

area  

A (mm2) 

 

Exposed  

perimeter  

p (mm) 

Grout  

cohesive 

strength  
cg (N/m) 

Grout  

friction  

angle  
g () 

 

Grout  

stiffness  
kg (N/m2) 

Normal  

cohesive  

force  
Cn (N/m) 

 

Normal  

stiffness  

kn (N/m2) 
 

32 15 2.5 200 0.25 314 189.6 1.75  105 30 1.0  109 1.75  108 1.0  109 

 

 

Lv et al.26 studied the dynamic response and failure mech-

anism of rock slopes during earthquakes. Chen and Wu27 

simulated landslide post-failure behaviour by two-dimen-

sional discontinuous deformation analysis. 

 The finite difference method is among the most commonly 

used numerical analysis methods. FLAC3D is a three-dimen-

sional, explicit, finite-difference programme for engineering 

mechanics computation used extensively in geotechnical 

engineering28–34.  

 In this study, a layered rock slope was established by 

FLAC3D as the study object. The response patterns of unan-

chored and anchored slopes by earthquake loads were exa-

mined. The dynamic response pattern of axial forces of 

anchor bolts was also studied. The simulation results are 

expected to provide a theoretical basis and guidance for 

the seismic reinforcement design of the bedding rock slope. 

Dynamic formulation 

Model set-up 

This study analyses a single-faced, homogenous rock slope 

studied by earlier researchers at 104 m altitude and incline 

angle of 75 (ref. 35) (Supplementary Figure 1 a). The se-

lection of element size is mainly based on the frequency of 

the incident motion and the shear-wave velocity of the rock 

mass. In general, one-tenth of the shortest wavelength is 

chosen as the element size in the wave propagation direc-

tion36. This 0.1 m thick joint is simulated using a low-

strength elastic–plastic element with a dip angle of 40°. 

The rock mass near the joint is considered a homogeneous 

body. Table 1 shows the basic parameters of the rock 

mass and joint in the simulation. 

 Supplementary Figure 1 b is a 2D sketch of the layout 

of the anchor bolts. Sixteen rows of anchor bolts were arran-

ged in sequence (T01–T16) along the slope. Table 2 shows 

the basic parameters of anchor bolts used in the simulation. 

 As shown in Supplementary Figure 1 c, along the slope 

surface, the displacement monitoring sites numbered K01 

to K10 are placed at an interval of 4.4 m from the peak of 

the slope to its foot. The displacement monitoring sites 

numbered P01 to P10 are placed at an interval of 2 m from 

the outside to the inside of the slope, and the length of 

each monitoring line is 52 m, parallel to the direction of 

the natural slope. 

Boundary conditions and damping 

Compared to static analysis, the reflected wave cannot 

dissipate when using fixed or elastic boundaries in dynamic 

analysis, resulting in simulation results with lower accuracy. 

An artificial boundary is introduced to reduce the impact 

of wave reflections in dynamic analysis. Free-field boundary 

is applied during the simulation process37 (Supplementary 

Figure 2). Boundaries absorbed and attenuated the waves 

transmitting from inside out, with no obvious reflection 

back to the boundary.  

 Due to internal friction in materials, energy loss takes 

place when relative sliding occurs; this phenomenon is 

known as damping. An easy yet functional method for dyna-

mic analysis is the so-called local damping, and its coeffi-

cient L is defined as 

 

 L = D, 

 

where D is the critical damping fraction. Local damping 

of 0.0628 (i.e. the fraction of critical damping is 2%) was 

applied in the proposed model, following the suggestions 

of other researchers. 

Earthquake loading 

During the 2008 Wenchuan earthquake in China, a total of 

1253 lines of main seismic accelerations were obtained. This 

is the largest and widest range of data recorded for main-

land China so far and provides valuable seismic data for 

the study of dynamic problems under strong earthquakes38. 

The horizontal seismic acceleration wave applied in this 

study was obtained from the Wenchuan earthquake in 

https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
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Shifang, Sichuan Province, China (Supplementary Figure 

3). The peak value was 633.09 cm/s2 at 37.41 s of the record-

ed seismic acceleration. To reduce the computation time 

and present better calculation results, a 35–50 s horizontal 

seismic acceleration time history was selected as the input 

seismic load. 

 Seismic records contain not only ground motion informa-

tion during an earthquake but also complex noise. The 

low-frequency noise usually causes baseline drift, which 

often results in simulation inaccuracies. Thus, baseline cor-

rection is necessary. SeismoSignal software was used for 

baseline correction in this study, and Supplementary Figure 4 

shows the results. It can be observed that the input earth-

quake loading for the total duration is 15 s (0.005 s as the 

time-step). The seismic load is transmitted from the bottom 

of the model to the top. The max value of the recorded 

earthquake is 1.633 g at 2.425 s. According to the acceler-

ation time history, the velocity and displacement time his-

tories can be obtained using one and two integrations 

respectively. 

Results 

Comparison of dynamic response patterns was made between 

the anchored slope and the natural slope under seismic loads. 

The dynamic calculation was done after the static balance. 

Slope horizontal displacement response 

Figure 1 shows the contour of the slope horizontal displace-

ment after the earthquake. From Figure 1 a, an obvious slip 

between the slider and bedrock can be easily observed, 

with a peak horizontal displacement of 3.03 m at the inter-

section of the top and joint surface. This suggests that the 

slope has been destabilized under seismic load. Tensile 

cracks at the intersection of the top and joint surface deve-

lop into a drawing open surface of the back edge, and a 

shear-slip deformation occurs at the slope toe; both result 

in the formation of tensile–shear slip failure. 

 As shown in Figure 1 b, no obvious sign of slip can be 

found between the slider and bedrock. There is a maximum 

horizontal displacement of 0.168 m at the intersection of 

the top and joint surface. Compared with the peak horizontal 

displacement of the natural slope, the value decreases by 

94.5%, indicating that anchorage support can significantly 

enhance the anti-sliding and anti-deformation ability of a 

slope under seismic load. 

 Supplementary Figure 5 shows the displacement recorded 

in the horizontal direction at the peak of the slope, together 

with the acceleration of the seismic wave during the earth-

quake. It can be observed that point K01, one of the arranged 

displacement monitoring sites in the horizontal direction, 

increases slightly in the first 7 s. However, it suddenly in-

creases sharply when the seismic action time is 7 s. At the 

end of the earthquake action time, the final horizontal dis-

placement of K01 is 2.238 m. This phenomenon indicates 

that a tension failure has occurred at the top of the slope 

when the earthquake acts for 7 s, and a slip failure has appea-

red from 7 to 15 s. 

 As seen in Supplementary Figure 5 b, a staged distribu-

tion curve can be obtained, which is the record of the hori-

zontal displacement by time located at the summit of the 

model. In the first 6 s of seismic action time, it can be seen 

that the value increases slightly, which is the recorded 

monitoring displacement in a horizontal direction, and the 

value of the monitoring point displacement increases by 

0.022 m. However, the displacement of K01 rises substan-

tially from 6 to 9 s of the seismic, with a value of 0.104 m. 

From 9 s to the end, the K01 displacement tends to be sta-

ble, with a final value of 0.118 m. The results show that the 

permanent displacement of the anchored slope is not deter-

mined by the maximum acceleration but by the critical ac-

celeration, which means that if the acceleration caused by 

the earthquake load cannot surpass the critical acceleration 

(e.g. 4–6 s), the displacement only fluctuates slightly, but 

the total displacement does not increase. Based on the 

Newmark method, 0.9 cm/s2 is considered to be the critical 

acceleration, beyond which it is called relative acceleration. 

As shown in Supplementary Figure 5 c and d, the permanent 

displacement of a slope will appear only when the relative 

 

 

 
 

Figure 1. Contour of permanent horizontal displacement of (a) natural 
slope and (b) anchored slope. 

https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
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acceleration is reached, proving the Newmark method’s 

correctness. The maximum value of K01 is obtained after 

the acceleration caused by the earthquake reaches its peak, 

indicating that the ductility of the slope increase after an-

chorage (Supplementary Figure 5). 

 Supplementary Figure 6 presents typical variations in the 

horizontal displacement by time (P01–P10) towards the in-

clination of the slope. As seen in Supplementary Figure 6 a, 

the trends of monitoring horizontal displacements are almost 

identical in the direction of the natural slope. Along the 

anchor directly to the inside of the model, displacements 

in the horizontal direction of all monitoring points are re-

duced to zero after passing through the joint surface, indi-

cating that the rock mass below the joint is stable. In 

addition, the relative displacement in the horizontal direction, 

which is located between the slide mass and rock mass, is 

approximately 2.235 m, indicating a distinct separation bet-

ween the slide mass and rock mass. The displacement curve 

of P01 being slightly upwards might be because the area 

near P01 is close to the tension-slip displacement of the 

slopes. 

 As seen in Supplementary Figure 6 b, with the increasing 

height of the slope, the monitoring displacement in the hori-

zontal direction increases; however, it reduces from the 

peak to the bottom of the model. The relative displacement 

between the slide mass and rock mass in the horizontal di-

rection is about 0.113 m, suggesting the stable status of 

the anchored slope even under seismic loads. 

 

 

 
 
Figure 2 a, b. Contour of horizontal stresses of (a) natural slope and 
(b) anchored slope. 

Stress and strain response of the slope 

Figures 2 and 3 present the contours of horizontal stress 

and shear stress of the slope respectively. As shown in 

Figure 2, the maximum stress in the horizontal direction of 

the natural slope and the anchored slope takes place at the in-

tersection of the top and the joint surface separately, with 

values of 0.356 and 0.346 MPa. 

 In Figure 3, shear stress mainly occurs at the toe of the 

slope. The shear stress peak value is 0.46 MPa of the natural 

slope. For the anchored slope, the shear stress peak value is 

0.59 MPa, indicating that the crest of the slope is easily 

damaged by tension stress and the foot of the slope is easily 

damaged by shear stress under seismic loads. This is in 

accordance with the results of Xu39. 

 Figure 4 shows the contour of shear strain increments. 

The maximum shear strain increments of both slopes appear 

at the junction of the joint surface and the slope toe but 

decrease along the joint surface. The observed peak values 

of the shear strain increment are 5.1357 for the natural 

slope and 0.4575 for the anchored slope. This finding indi-

cates that reinforcement of anchor bolts is beneficial for  

reducing shear strain increment of the slopes under seismic 

loads. 

 

 

 
 

Figure 3 a, b. Contour of shear stresses of (a) natural slope and (b) 
anchored slope. 

https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/09/1088-suppl.pdf
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Dynamic response of anchor bolts 

Supplementary Figure 7 shows the axial force distribution 

and displacement vector of anchor bolts after the complete 

dynamic event. Supplementary Figure 7 a reveals that the 

axial force distribution of anchor bolts is large in the mid-

dle but small at both ends. At the joint surface, the monitor-

ing axial force reaches its peak, while it reaches its 

maximum at the joint surface. Supplementary Figure 7 b 

shows a downward sliding displacement along the slope 

surface of the anchor bolts in the slide mass. Anchor bolts 

in the rock mass remain stable, and no obvious displace-

ment can be found. A comparison of Supplementary Figure 

7 a and b reveals that the anchorage mechanism under 

seismic loads is because the slide mass has a downward slid-

ing trend when the seismic loads act, the anchor bolts in 

the slope withstand axial tension, and the tension is gradual-

ly transmitted to the stable rock mass to keep the slide mass 

stationary. In this process, the anchor bolts play the role of 

‘shearing resistance and slide resistance’ to limit the defor-

mation of the slope. 

 According to the slope horizontal displacement response, 

tensile force occurs at the slope top under seismic loads. 

Therefore, the axial force of anchor bolt T01, selected as a 

typical monitoring bolt, was specified, and 32 monitoring 

points were set up along the anchor bolt per metre. Figure 5 

shows the variations of axial force with time at these moni- 

 

 

 
 

Figure 4 a, b. Contour of shear strain increments of (a) natural slope 
and (b) anchored slope. 

toring points during the earthquake. It can be observed 

that the axial force at the front and rear ends of anchor bolt 

T01 does not change significantly with earthquake action 

time. However, the axial force of T01 at the joint surface 

nearby increases with earthquake duration, especially the 

peak growth of the observed force at monitoring point no. 

29, which is the closest to the joint surface. This is because 

slip deformation at the joint surface occurs as the earthquake 

load increases, resulting in an increase in the axial force of 

the anchor bolt. In addition, it can be observed that all the 

axial forces of the monitoring points increase in periodicity 

in the first 7 s, become stable at approximately 7 s, and then 

fluctuate around certain values until the end of the seismic 

action. This suggests that the deformation of the anchored 

slope becomes stable after 7 s of seismic action. 

 To study the axial force variation of the anchor bolt with 

time during an earthquake, rows 1 (slope crest), 8 (middle 

of the slope) and 15 (foot of the slope) of the anchor bolt 

elements at the joint surface were selected as typical monitor-

ing points. Figure 6 shows the variation curve of the axial 

force with earthquake action time. It is observed that with 

the increase in the input time of seismic loads, the moni-

toring axial force also increases. The monitoring axial force 

at the top (T01) and foot (T15) of the slope increases from 

113.12 to 530.56 kN and 243.92 to 472 kN at the first 7 s  

respectively. Thereafter, from 7 s to the end of the earth-

quake action time, the axial forces of T01 and T15 tend to be 

steady, finally fluctuating at constant values of 559.36 and 

498.72 kN respectively. That is, the axial forces of T01 

and T15 increase by 4.9 times and twice respectively, un-

der seismic loads. There is a significant increment in the 

monitoring axial force located at the middle of the slope 

(T08), i.e. from 130.4 to 710.6 kN in the first 10 s. However, 

the pace of the increase of the axial force of T08 slows 

and a final value of 823.4 kN is obtained by the end of the 

shock. Thus the axial force of T08 increases approximately 

6.3 times under seismic load. 

 

 

 
 

Figure 5. Axial force of anchor bolt T01. For the other annotations, 
refer to Figure 1. 
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Figure 6. Axial force variation of selected anchor bolts at typical monitoring 
points of the joint surface from the crest (T01), middle (T08) and foot of the 
slope (T15) during an earthquake. For the other annotations, refer to Figure 1. 

 

 

 Supplementary Figure 8 shows the axial force variation 

of each anchor bolt located at the joint surface before and 

after the earthquake. The axial force of each anchor bolt is 

observed to increase significantly after the earthquake. The 

maximum enhancement of axial force in the anchor bolts 

occurs at the middle of the slope (T05–T12), with an approx-

imately 6.74 times increase. The axial force of the anchor 

bolts located at the top (T01–T04) of the slope has a much 

smaller increase, with the minimum axial force increasing 

by 1.72 times; so does the axial force of anchor bolts located 

at the foot of the slope (T13–T16). Thus the axial force of 

the anchor bolts in middle increases more than any located 

at the top or foot of the slope during the earthquake. This re-

sult is consistent with the design concept of a ‘strong waist 

and fixed foot’ for the seismic code (GB 50011-2010). 

Conclusion 

There is progressive failure of the seismic slope as the earth-

quake proceeds. The deformation is caused by shear and 

tensile forces, eventually leading to instability and land-

slide failure. The failure zone formed by the shear force 

expands slowly from the foot upwards to the top, while the 

tension failure zone develops slowly from the top down-

wards to the foot, and finally achieves a cut-through between 

tension failure and shear failure zone. The permanent dis-

placement of slope under seismic loads is determined by 

the critical acceleration. Only when the seismic acceleration 

exceeds the critical acceleration will bring permanent dis-

placement of slope accumulate. Under seismic loads, a signi-

ficant reduction in the slope deformation can be observed, 

and the aseismic performance of the slope enhances signifi-

cantly after anchoring. Also, anchoring can increase the 

ductility of the slope as a whole. The axial force of the anchor 

bolts located in the middle increases that more than at the 

top or foot of the slope during the earthquake. At the end of 

the earthquake, the axial force of anchor located at the 

middle of the slope is the maximum, which indicates that the 

current design of anchor bolts supporting according to the 

average distribution of axial force per row is unreliable. 

The significant improvement in the axial force of the mid-

slope anchor bolts must be seriously considered. As a com-

plicated problem, stability analysis of the seismic slope, 

particularly slope failure under seismic loads and the an-

choring mechanism, deserve further studies.  
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