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Abstract: Jinsha River Bridge is located along the Lijiang-Xamgyi’nyilha railway on the southeastern Tibet plateau; it 
is an area with a high prevalence of earthquakes. The bridge abutments were designed to be constructed in river bank 
slopes, where rocks are controlled by two sets of joint planes that significantly influence the stability of the left bank 
slope. According to the engineering-geological conditions and the characteristics of discontinuities, strength properties 
of the rock mass were obtained based on Barton model and direct shear test. Numerical analyses were performed using 
FLAC3D software to examine the slope’s response to seismic loading. Then in order to evaluate the damage trends of 
the rock mass under the different loading conditions, a calculation model based on the geological parameters and slope 
stability was simulated and analyzed using the discrete element numerical simulation program UDEC (Universal Dis-
tinct Element Code), and  the effect of degradation of discontinuities on the slope stability was investigated. The results 
show that the destruction of rock mass under the gravity, bridge foundation, and seismic load are mainly concentrated 
within 30 m depth of slope, and the slope under loading may slide along joint planes. In addition, the dynamic analysis 
by amplification of the input loading indicates that instability occurs to the bank slope at a height of about 200 m, and 
rock blocks will fail under seismic load. Therefore, to prevent the slope from deformation under the engineering load-
ing and strong earthquakes, the bridge foundation should be strengthened. 
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1 Introduction
 

ijiang-Xamgyi’nyilha railway is located in a high-
intensity seismic region on the southeastern Tibet 

plateau at the middle part of the Hengduan mountain 
range, China (Fig. 1). The railway passes over the deep 
Jinsha River with high bank slopes and complex geo-
logical conditions. A bridge with high abutments is de-
signed to cross the river at Tiger Leaping Gorge along 
the Jinsha River, and the bridge abutments need to be 
built on steep slope. 

Generally, in the field of rock engineering, it has 
been recognized that geological structures significantly 
influence the response of rock masses to loadings and 
excavation [1]. Slope stability is affected by the strength 
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and deformation properties of intact rocks, geometry 
and distribution of discontinuities throughout a rock 
mass [2]. Failures usually initiate and follow pre-
existing discontinuities rather than break through intact 
rocks [3]. Thus, it is the nature of the discontinuities 
(joints, fractures, bedding planes and faults) and not of 
the intact rock that governs the mechanical behavior of 
the rock mass.  Ensuring the stability of rock slopes re-
quires analyzing the structural fabric of the site to de-
termine if the mechanical parameters of the discontinui-
ties could result in instability of the slope under consid-
eration. Traditionally, analytical calculations of potential 
instability are carried out by means of limit equilibrium 
models; more recently, however, numerical models are 
dominantly in use [4-7]. Discontinuous numerical meth-
ods such as the discrete element method (DEM) has 
been successfully applied to slope stability analysis and 
are now in routine use in civil and mining engineering, 
particularly in the area of disaster prevention [8-10]. The 
advantage of these numerical models over the limit  
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Fig. 1  Location map of the proposed bridge site 

equilibrium models is that they can be used to model 
progressive failure and displacement rather than a sim-
ple factor of safety [11]. Moreover, engineers have intel-
ligent interpretations of the DEM simulation results, 
which is helpful in developing more confidence and 
economic designs. Hence, rocks with potential failure 
must be restrained in some way. 

Up to now, it is difficult to obtain the accurate 
strength parameters of discontinuities in geotechnical 
engineering. These parameters are usually obtained by 
the standard code or experiments. Both of the two meth-
ods had been used for Jinsha River Bridge site. In order 
to obtain a safe design for the Jinsha River Bridge, we 
carried out an engineering geological investigation of its 
left bank slope, and made a probabilistic analysis of the 
slope stability under different loading conditions (static 
and seismic loads). The study involves field and labora-
tory testing of strength properties of discontinuity sur-
faces and subsequent stability assessment based on 
DEM numerical analysis. Some important findings are 
obtained from comparison of the experimental data with 
the standard values in the code. 
 
2. Characteristics of the bridge site 
 

At the bridge site, the Jinsha River flows in an NNE 
direction with a 100–200 m width. Morphologically, the 
slope of the river banks is very steep, especially where 
the vegetation is not developed. As a result, collapse and 
rock slides toward the valley occur frequently. There is 
an unloading fracture with a length of about 60 m paral-
lel to the river direction (Fig. 2). 

From the lithological point of view, the exposed Tri-
assic metamorphic rocks mainly consist of moderately 
thick layers of slate overlain by schistose basalt. A rep-
resentative geological cross section of the rock slope 
was obtained as illustrated in Fig. 3. The rocks are in-
tensively schistose, striking N18°W with a dip angle 61° 
to the NE. The foliation planes are slightly weathered 
with no rust dye and mineral alteration (carbontization,  

Fig. 2  Panorama view of the rock slope 

 
Fig. 3  Stratigraphical cross section of the rock slope 

Fig. 4  Side and close-up view of rock slope showing fractur-
ing and dimension of the rock mass 

chloritization, epidotization, etc) along the schistosity 
planes, in addition to the absence of filling material. 

The rocks are characterized by two distinct major 
joint sets: a) trending N84 E dipping 47  to the SE, and 
b) trending N45 E with dip angle 84  to the SE. Due to 
the joints intersecting, the rock mass separated into 
small blocks ranging from 30 cm to 80 cm thick (Fig. 4). 

Based on the site survey [12], the high unloading frac-
tured zone is about 10.5 m deep and the moderately frac-
tured unloading zone is about 10 m deep (measured from 
the roadside laterally). In a normal case, tendency, dip 
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and length of the joints have a close relation with the me-
chanical parameters of rock mass and slope stability [13]. 
 
3. Estimation of the shear strength 
 

At the bridge site, the rocks are highly schistose and 
controlled by two joint sets. The hardness, roughness, 
depth of weathering, water, and type of filling materials 
are the factors influencing the shear strength of the dis-
continuities [14]. To obtain shear strength properties of 
the discontinuity surfaces, some in-situ and laboratory 
tests were carried out. However, the high cost of the in-
situ shear tests, together with the difficulty of interpret-
ing the results have resulted in a decline in the use of 
large scale tests [15]. Since the 1960s, many researchers 
have explored the methods for estimating the strength of 
rock discontinuity through mechanical characteristics of 
the rock mass. Among them, the empirical approach 
model proposed by Barton [16] found wide applications 
in engineering practices: 

btan lg ,JCSJRC  

where JRC is joint roughness coefficient; JCS is joint wall 
compressive strength, in MPa; b is basic friction angle; 
and  is effective normal stress on joint surface, in MPa.  

The amplitude of JRC was estimated by visually 
comparing the appearance of the joint surface with Bar-
ton and Choubey standard profile [17] (Fig. 5), where 
the value of JCS was calculated by the following equa-
tion [18]: 

dlg( ) 0 000 88 1 01,eJCS . R .  

where d  is bulk volume weight, in kN/m3; and eR  is 
Schmidt rebound hammer hardness value. 

The value of friction angle  and cohesion c  can be 
calculated according to the model as shown in Fig. 6: 

arc tan ,  
 

tan( ),c  
 

b

2
b

tan lg

tan lg 1
180ln 10

JCSJRC

JRC JCSJRC .
 

The results obtained from field measurements show 
that the minimum joint space is about 20 mm, and the 
maximum is more than 1.0 m. The JRC for the joint sur-
face and foliation plane (schistosity) are in the ranges of 
3–5 mm and 1–2 mm, respectively. The two structural 
surfaces are characterized by intimate contact with no fill-

ing materials. According to the bridge design data [12], 
the added maximum stress (bridge load) of the main base 
is 1.5 MPa, and the maximum normal stress is 5 MPa 
(Table 1). The basic friction angle of schistose planes and 
joint surfaces is 32  and 28 , respectively [19].  

To obtain the friction angle ( ) and cohesion ( c ) of 
the structural planes precisely, samples were chosen care- 
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Fig. 5  Marked range of JRC value of discontinuity surface [17] 

 
Fig. 6  The calculation model of shear strength parameters 
( c  and ) of the discontinuity 

Fig. 7  Direct shear test apparatus for discontinuities 
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fully for laboratory test. The test was done by direct 
shear test apparatus (Fig. 7). The test specimens are cu-
bic in shape with length not less than 150 mm (Figs. 7 
and 8). In the test, the shear displacement was 1.0 cm, 
the maximum normal stress was scheduled to be 10 MPa 

 
Fig. 8  Morphologies of specimens after laboratory experiment 

 

(a) Schistose plane 
 

and adjusted appropriately according to the specimens and 
deformation conditions). Based on the peak value, the criti-
cal shear strength parameters ( , c ) are calculated with 
least square method [20] (see Fig. 9, where is the critical 
shear strength). The results are shown in Table 2. 

(b) Joint No. 1 

(c) Joint No. 2 

Fig. 9  Shear strength-normal stress diagrams 
.

Table 1  Shear strength properties of structural planes calculated based on Barton model ( =5 MPa) 

Structural plane Altitude eR  b  (º) JRC JCS (MPa)  (MPa)  (º) c  (MPa) 

Joint 1 N84E/47E 15.7 28 2–4 11.04 1.71 28.38 0.090 

Joint 2 N45E/84E 20.2 28 4–6 11.29 1.75 28.53 0.122 

Schistose N18W/61NE 24 32 2–4 11.49 2.00 32.43 0.099 

Table 2  Shear strength parameters of the structural planes 

Structural plane Maximum normal stress (MPa)  (º) c  (MPa)  (º) c  (MPa) 

Joint 1 12.9 28.8 3.79 28.8 3.39 
Joint 2 12.2 28.8 1.86 26.6 1.31 
Schistose 12.8 28.8 3.34 32.2 3.07 
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4. Rock slope’s response to seismic dy-

namic loading 
 

Rockslides of the natural slopes usually occur under 
strong earthquakes. In most cases, such sliding is gov-
erned by combination of geological conditions and 
earthquake loading. During an earthquake, rock mass 
failure occurs when the shear resistance of the control-
ling joint surface(s) is exceeded by shaking-induced in-
ertial forces [21]. As mentioned in the preceding sec-
tion, the area under investigation is located in high-
intensity seismic environment. Therefore, it is impor-
tant to analyze the rock mass slope. To date, various 
numerical models of seismically induced failure have 
been proposed (e.g., [22]), and the simulation results 
produced by these models are rather accurate for esti-
mation of the damage induced by earthquakes. 

To analyze the stability of the left bank slope of the 
bridge site, a 3D numerical simulation analysis using 
FLAC3D software [23] has been used. The earthquakes 
spectrum reported by Ref. [3] is used here for dynamic 
analysis. Basic parameters of slope analysis are as fol-
lows: damping ratio is 0.05, the peak ground accelera-
tion (PGA) is 0.20g, and the time history of the ground 
surface acceleration is adopted as the input ground mo-
tion, as shown in Fig. 10. According to the seismic data 
and mechanical parameters of the rock mass (Table 3), 
the base of the slope model is set with a static boundary 
and the flanks are set with a free boundary (Fig. 11). 

The main factors affecting the amplitude of ground 
shaking are the slope inclination and the vertical dis-
tance from the crest of the slope [24], in addition to 
earthquakes frequency content and the direction of 
seismic waves, which are also important factors affect-
ing topographic amplification [8].  

In order to detect the amplification and attenuation 
states in the numerical model under seismic loading, the 
acceleration response is monitored at the top and bot-
tom of the slope model (Figs. 12 and 13). 

To illustrate the status and structural behaviour of 
the rock slope, a 3D model was constructed, which 
shows the distribution characteristics of maximum 
shear stress of each block under the seismic load, and 
the areas of tensile stress concentration (Fig. 14). 

Table 3  Mechanical parameters of rock mass 

Rock type 
Unit 

weight 
(kN/m3) 

E 
(GPa)

Poisson’s 
ratio 

c  
(MPa) (º) 

Slate 26 26 0.25 3 35 

Schistosity 
basalt 27 27 0.16 10 35 

Fig. 10  Time-history curve of the ground surface accelera-
tion used in the model 
  

Fig. 11  Boundary conditions for the dynamic analyses 
 

Fig. 12  The acceleration amplification coefficient in the x 
direction 

0 2 4 6 8 10

0.20

0.15

0.05

0.10

0.00

-0.05

-0.10

-0.15

-0.20

Time (s) 

A
cc

el
er

at
io

n 
(g

) 

0 50 100 150 200 250 300 350

400

350

300

250

200

150

100

50

0 

Z 
(m

) 

X (m) 

Fr
ee

 

Fr
ee

 

Seismic wave 



 Zhiming ZHAO et al. / Rock slope stability evaluation in static and seismic conditions for left bank of …  
 

 

126 

 

Fig. 13  The velocity amplification coefficient in the x direction

 

 
Fig. 14  The status of rock block 

 
5. DEM analysis 
 

Discontinuous numerical modeling is thought to be 
more appropriate to simulate a rock slope with joint sets 
controlling the failure mechanism [4]. Therefore, in order 
to assess the damage trend of the rock mass under gravity, 
bridge foundation, and seismic load, a calculation model 
based on the geological model and slope stability is built 
using discrete element methods (DEM).  The response of 
the jointed rock slope subjected to static and dynamic 
loading is simulated using (UDEC) software [25]. 

The UDEC can take the mechanical parameters of dis-
continuities into account to analyze the slope and the dis-

placement. The mechanical parameters of the intact rock 
and discontinuities are shown in Tables 2 and 3, respec-
tively. The boundary conditions are assumed along the 
lateral sides of the model such that no displacement is al-
lowed in the x direction. At the base of the numerical 
model, the boundary is fixed such that no displacement is 
allowed in the y direction (Fig. 15). 
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(b) Under bridge loading 
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(c) Under both static and seismic loading 

Fig. 15  Characteristic failure of slope under different loading
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6. Discussions 
 

(1) From the laboratory experimental results (Table 
2), the surface planes of group 3 (schistose plane) rock 
specimens are cemented partially, and the results  can 
be used to represent the shear strength of partially ce-
mented slates; while group 1 and group 2 represent the 
shear strength of the unloading-formed and uncemented 
joint surface. According to the standard code of build-
ing slope engineering [19], the values of shear strength 
parameters of general structural planes is 27–35º for in-
ternal friction angle and 0.13–0.09 MPa for cohesion. 
Comparing the experimentally obtained data with the 
standard values, we can see that the friction angle val-
ues basically agree with those in the code, and the dif-
ference is less than 4%. 

The laboratory tested value of cohesion (c) is obvi-
ously high, because during the laboratory test, the value 
is affected largely by test conditions and specimen state 
(size, shape, and sampling technique). 

With the application of the larger normal stress in the 
test, shearing failure occurs in the bulge part of the struc-
ture surface. Therefore, it is concluded that the mode of 
JRC-JCS model is effective, while the cohesion of the 
shear test should be reduced according to the practical 
situation. For the clean structure surface without fillings, 
the value of cohesion should be set to 0 MPa. 

(2) From the results of the dynamic analysis of rock 
the slope, the isolines of acceleration are parallel to the 
slope surface as shown in Fig. 12. The amplification 
coefficient increases from inside to outside, and reaches 
a maximum at the slope surface. From the toe of the 
slope, the acceleration at the surface increases in a fluc-
tuating manner with slope height. It reaches a maxi-
mum at the height of about 120–200 m of the slope (4 
times more than that at the toe). Similar distribution 
characteristics are found in the amplification coefficient 
of x-velocity (Fig. 13) that reaches a maximum at the 
height of approximately 200 m (4 times more than that 
at the toe). Thus, from the numerical analyses, it is clear 
that the rock mass of the bank slope separated by joint 
discontinuities is unstable at the height of about 200 m 
and will undergo failure under seismic load (Fig. 14). 

(3) According to the DEM analysis, the failure of the 
rock mass under gravity, bridge foundation, and seismic 
load are mainly concentrated at 30 m depth. The natural 
slope and the slope under loading (bridge foundation 
and seismic load) may slip along joint planes, where the 
whole slope is stable. 
 
7. Conclusions 
 

Numerical modeling analyses were performed using 
DEM to predict the stability of the jointed rock slope of 

the left bank slope of Jinsha River Bridge site. In order 
to model static and dynamic deformation of jointed 
rock, attention should be paid to determine as accu-
rately as possible the mechanical properties of the rock 
mass and the geometry of the rock structure. The study 
has obtained a better insight into the deformation condi-
tion of the blocks formed by rock discontinuities. The 
main conclusions of the study are summarized as fol-
lows: 

(1) The JRC-JCS model of Barton is an appropriate 
method for the determination of shear strength parame-
ters of structure planes. 

(2) The results of the laboratory test of joints showed 
that the friction angle is similar to the data obtained by 
the Barton model or technical code for building slope 
engineering. However, the value of cohesion ( c ) is 
clearly high, because during the laboratory testing, the 
value is affected largely by test conditions and speci-
men state (size, shape and sampling technique). Its 
value should be reduced based on the circumstances. 

(3) Dynamic analysis of the slope shows that the 
amplification of the input loading resulted in an insta-
bility of slope at a height of about 200 m and rock 
blocks will undergo a failure under seismic load.  

(4) DEM analysis shows that the destruction of rock 
mass under gravity and bridge loading are mainly con-
centrated within 30 m depth from slope surface. 

(5) The whole slope is stable, but rockslide is easy to 
occur along the joint planes under engineering loading 
and strong earthquakes. 
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