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Abstract To evaluate the stability of reinforced complex
rock slopes, an evaluation method for slope stability is
proposed in this paper. In the proposed method, the
force equilibrium of the potential slide mass is analyzed
by treating the traction on the potential failure surface
as an external force. The potential sliding direction is
assumed to be the opposite direction of the resultant
shear force on the potential failure surface, and the fac-
tor of safety is defined as the ratio of the available
resisting force to the actual mobilized force. Through
classic cases, the proposed method successfully predicts
the stability of a slope critical to failure, and is com-
pared with the traditional methods. Finally, the proposed
method is used for a stability analysis of the left bank
slope of the Jinping first stage hydropower station, con-
sidering two main reinforcing measures, prestressed an-
chor cables, and anti-shear cavities. Results indicate that
the effects of the anti-shear cavities are more positively
significant than the effects of the prestressed anchor
cables. The safety factor is remarkably increased by
the anti-shear cavities, which validates the importance
of anti-shear cavities on slope stability.

Keywords Rock slope . Factor of safety . Stability analysis .

Prestressed anchor cables . Anti-shear cavity . Jinping first
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Introduction

The stability of rock slopes is principally determined by struc-
tural discontinuities in the rock mass (Piteau 1972). Fractures
and joints increase the complexity of the rock-slope structures,
which makes the stability analysis of rock slopes more diffi-
cult than that for soil slopes.

Numerous investigations have been performed to analyze
the slope stability. The limit equilibrium method (LEM) is the
most commonly utilized method for geotechnical stability
analyses. Two-dimension (2D) LEMs have been extensively
studied for decades (Bishop 1955; Price and Morgenstern
1968; Janbu 1975; Spencer 1976; Sarma 1979) and applied
in various circumstances (Lu et al. 2015; Xia et al. 2015; Sun
et al. 2016, 2017). Duncan (1996) summarized the develop-
ment of the LEMs and noted the conditions in which three-
dimension (3D) analysis should be used. Kalatehjari and Ali
(2013) reviewed 3D slope stability analyses based on the
LEM and summarized the limitations of most 3D LEMs, such
as engaging with the general shape of slopes, using unreliable
theoretical background, ignoring the direction of sliding and
restricting the shape of slip surface. Despite their limitations,
LEMs are an effective tool for slope stability analyses due to
their simplicity and existing availability in the literature
(Kelesoglu 2016). Another common tool for geotechnical sta-
bility analyses is the strength reduction method (SRM), which
was developed by Zienkiewicz et al. (1975). The SRM has
been widely applied for the stability analyses of both soil and
rock slopes with the development of computing technology
(Dawson et al. 2000; Roosta et al. 2005; Hammah et al. 2007;
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Nian et al. 2012; Li et al. 2015a, b; Gupta et al. 2015). Both the
LEM and SRM have recently been used to analyze the effects
of reinforcements such as anchors (Zhu et al. 2005; Su et al.
2014), soil retaining walls (Chen et al. 2014) and piles
(Ausilio et al. 2001; Won et al. 2005; Wei and Cheng 2009)
on the slope stability.

Most case studies based on LEMs and SRMs have
utilized 2D or simplified 3D models. For 3D complex
rock slopes, the sliding mass would be divided into col-
umns in LEMs due to the irregular sliding surface. If there
are reinforcement measures, it cannot be avoided that the
rock columns will cut through the reinforcing structures
on the potential sliding surface or at the intercolumn
boundaries. It would be too complicated to conduct the
force balance analysis for each column if the interaction
mechanism between the rock masses and the reinforcing
structures under different conditions is not clear.
Therefore, analyzing the stability and reinforcement ef-
fects is difficult with LEMs. If the strength of the whole
3D complex rock slope is reduced by SRMs, it is proba-
bly that the rock masses or structural planes reach the
critical state before the potential sliding surface fails. In
addition, SRMs are time-consuming and sensitive to con-
vergence criteria, boundary conditions and the mesh qual-
ity (Wei and Cheng 2009). To overcome these limitations
of LEMs and SRMs, Ge (2010) put forward a new method
based on the fact that forces act as vectors, which is called
the vector sum method (VSM). In the VSM, force analy-
sis is conducted on the potential failure surface, and the
influence of the potential sliding direction on the safety
factor is considered. However, the shear stress and normal
stress will be different according to the choice of the po-
tential failure surface. Moreover, the resultant force of the
normal stress acting on the potential failure surface due to
the base rock is always regarded as a resistant force in the
VSM. However, it should be regarded as a sliding force if
its projection is opposite to the potential sliding direction.

Inspired by the VSM, a modified slope stability anal-
ysis method is proposed. The potential sliding mass is
separated from the base rock to conduct the static force
equilibrium analysis. The tractions of the potential fail-
ure surface are treated as external forces. In addition,
the normal stress on the potential failure surface acts
as a resistant force or a sliding force. Due to the pro-
jection of the resistance, the safety factor is lower than
that calculated by the LEM, which is advantageous for
engineering practices.

The proposed method is applied on the left bank
slope of the Jinping first stage hydropower station.
Because of its structural complexities and construction
difficulties, this slope has attracted much attention from
researchers. Qi et al. (2004, 2010) analyzed the mecha-
nisms of deep cracks and their influence on the stability

of the slope. Sun et al. (2015) used key block theory
and studied the stability of the slope using the LEM.
Huang et al. (2010) researched the stability of the slope
based on geological analyses under earthquake and
heavy-rain conditions. Li et al. (2015a) explored the
effects of prestressed anchor cables and anti-shear cavi-
ties using a reliability analysis. In this paper, these two
reinforcements are also considered during the excavation
process. The qualitative assessment of the effects of
reinforcement is consistent with the conclusions found
by Li et al. (2015a) which validates the applicability of
the proposed evaluation method for the slope stability.

Evaluation method of slope stability

Method

For complex rock slopes, Fig. 1 shows a potential sliding
mass, Ω, separated from the base rock, with a potential failure
surface, Γs.

In Fig. 1, σ is the stress tensor on Γs, and n is the outer unit
normal vector to Γs. Then, the normal stress on Γs can be
obtained by:

σn¼ σ⋅n⋅nð Þn ð1Þ

Therefore, the shear stress is:

τ¼σ⋅n−σn ð2Þ

Integrating σn and τ along Γs, we can obtain the resultant
force of σn

N ¼ ∫Γ sσndS ð3Þ
and the resultant force of τ

T ¼ ∫Γ sτdS ð4Þ

According to the centroid motion theorem, the resul-
tant forces can be considered to be acting on the centre
of mass, G, of the potential sliding mass. For the equi-
librium of forces just before the slope failure, another
force V must exist such that

V ¼ ∫ΩqvdV þ ∫Γ−Γ sqsdS ð5Þ

which can be decomposed to

N
0¼−N ð6Þ

and

T
0 ¼−T ð7Þ

2028 J. Bi et al.



where Γ represents the entirety of the boundaries of the
domain Ω, qv is volume of the forces acting on Ω, and
qs represents the surface forces acting on the ground
surface Γ-Γs.

According to the Mohr–Coulomb criterion, under a certain
stress state, the resisting shear strength on Γs is

σr ¼ cþ h σnj jtanϕð Þ τ
τj j ð8Þ

in which the resultant force is

R ¼ ∫Γ sσrdS ð9Þ
where c and ϕ are the cohesion and friction angles of the
material on Γs, respectively, and h is a coefficient based on
the stress state of Γs:

h ¼ 1 for σn⋅n≤0
0 for σn⋅n > 0

�
ð10Þ

It should be noted that c and ϕ are functions of loca-
tion, which are different on different parts of the potential
sliding surface. They should be determined by the filler
material for the parts in discontinuities and by the relevant
rock masses when the potential sliding surface cuts
through the rocks.

Although σr has the same direction with τ at every
point on Γs, the direction of R may be different from that
of T. It is assumed that the movement tendency of the
potential sliding mass is translation. There are two options
for the transient potential sliding direction, d: the inverse
direction of T and the direction of R. If it becomes the

former, the prediction of the safety factor is conservative
compared to the result of the latter. Therefore, the tran-
sient potential sliding direction, d, is assumed to be the
opposite direction of T, so that

d ¼ −
T
Tj j ð11Þ

Considering the condition in Fig. 1, the angle α be-
tween N and T’ is less than 90°, which means that N
has a positive component on the potential sliding direc-
tion after orthogonal decomposition. However, an obtuse
α is possible. In this situation, N will serve as a resis-
tant force, and N′ will become a sliding force.
Therefore, the total sliding force of the potential sliding
mass is

Fs¼
T

0 þ N⋅dð Þd for N⋅T
0
≥0

T
0þ N

0
⋅d

� �
d for N⋅T

0
< 0

8<
: ð12Þ

The overall resistance acting on Ω should be

Fr¼
R⋅dþN

0
⋅d

� �
−dð Þ for N⋅T

0
≥0

R⋅dþN⋅dð Þ −dð Þ for N⋅T
0
< 0

8<
: ð13Þ

Because of Eqs. (6) and (7), Eqs. (12) and (13) can be simpli-
fied as:

Fs¼ Tj jþ N⋅dj jð Þd ð14Þ

Fr¼ R⋅dj jþ N⋅dj jð Þ −dð Þ ð15Þ
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Fig. 1 Force equilibrium analysis
of the potential sliding mass



The safety factor can be obtained as:

k ¼ Frj j
Fsj j ð16Þ

Remark 1: The force V and its components, N′ and T’, are
virtually defined for the derivation of k and do
not need to be calculated out. The mass centre
also does not need to be determined because its
location does not affect the result of k.

Remark 2: The derivation of the proposed method is based
on tensor analysis. Although a 2D schematic di-
agram is used to illustrate the relationships
among different forces, all the parameters and
variables are not distinguished between 2D and
3D situations. The only difference in 2D and 3D
slopes is the order of the stress tensor σ.
Therefore, all the previous equations can be ap-
plied both in 2D and 3D cases without any
change.

A case study for comparison

For a slope critical to failure, the safety factors calculated from
different methods should be very close to 1. However, for a
safe slope, the safety factors will vary frommethod to method.

To examine the proposed slope stability analysis method for
slopes in critical states and safe states, two examples, EX1(a)
and EX1(c), released by the Association for CAD of Australia
(ACAD) (Donald and Giam 1992) are analyzed. The schemat-
ic plot of EX1(c) is shown in Fig. 2. Problem EX1(a) shares
the same dimensions as the EX1(c) slope with a uniform ma-
terial. The parameters of the soils are listed in Table 1. The
safety factors of EX1(a) and EX1(c) were calculated using
different methods together with the proposed method, and
the results are shown in Table 2.

As seen in Table 2, the stability evaluation of the proposed
method is consistent with the conventional LEMs. When the
slope approached a critical state, the factor of safety obtained
from the proposed method was sufficiently close to 1 as well
as the LEM results. This means that the proposed method can
well distinguish whether a slope is safe or not. For EX1(c),
compared with the Bishop method and the Janbu method, the
relative differences were 8.7 and 3.2%, respectively. The rea-
son why the safety factor of the proposed method is smaller
than those of LEMs are: (1) in the proposed method, the re-
sistant forces on the potential sliding surface are all projected
onto a potential sliding direction along the resultant sliding
force, which leads to a reduction of the numerator in the right
hand side of Eq. (16); (2) there is a same addition for both the
sliding force and the resistant force due to the normal force on
the potential sliding surface; if both the numerator and denom-
inator of the safety factor k add a same positive number when
k > 1, k will become smaller. Therefore, the proposed method

Table 1 Soil parameters of the EX1(a) and EX1(c) slope

Soil c (kPa) φ (°) γ (kN/m3) E (MPa) n

EX1(a) 3.0 19.6 20 10.0 0.25

#1 in EX1(c) 0 38.0 19.5 10.0 0.25

#2 in EX1(c) 5.3 23.0 19.5 10.0 0.25

#3 in EX1(c) 7.2 20.0 19.5 10.0 0.25

Table 2 Safety factors for the EX1(a) and EX(c) slope from different
methods

No. Method FOS of EX1(a) FOS of EX1(c)

1 Bishop 0.993 1.406

2 Janbu 0.978 1.325

3 Proposed method 0.988 1.283
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Fig. 2 EX1(a) and EX1(c) of the
ACAD



is conservative relative to the LEMs, which is advantageous to
estimate the stability of the steady slopes.

Left bank slope of the Jinping first stage hydropower
station

The proposed method was applied to the stability anal-
ysis of the left bank slope of the Jinping first stage
hydropower station. Due to the complexity of the slope,
3D FEM methods are difficult to address the mechanical
relationship between the reinforcements and rock
masses. Employing the SRM is time consuming because
the elastoplastic state must be simulated for every
strength reduction step during every excavation step.
In contrast, the proposed method is convenient and ef-
ficient for obtaining the safety factor of the complex
rock slope with reinforcements.

The Jinping first stage hydropower station is located
in Sichuan Province, P. R. China. With an elevation of
305 m, this station is currently the highest double-
curvature arch dam in the world. The total storage ca-
pacity of the reservoir is 7.76 billion m3, the installed
plant capacity is 3600 MW, and the annual power gen-
eration is 16.62 billion kW∙h. The heights of the slopes
on both sides of the dam site are both over 1000 m.
The dip angles of the natural slopes below the dam
crest elevation are greater than 60°. The excavation
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Fig. 3 Left bank slope of the Jinping first stage hydropower station
excavated to 1620 m a.s.l.

Fig. 4 Geological profile of the
left bank slope of the Jinping first
stage hydropower station



height of the left bank slope is approximately 530 m,
and the excavation volume is more than 5.5 million m3.
The construction of the left bank slope was one of the
most challenging slope engineering projects in China.
Figure 3 is a photo of the left bank slope excavated
to 1620 m a.s.l.

Geologic setting

The left bank slope trends toward approximately N25°E and
lies in the southeastern limb of the tight Santan syncline. The
main strata are metamorphic rocks of the Zagunao Group of
Middle to Upper Triassic age, whose main components are
metasandstone and slate. In most areas of the slope, the bed-
rocks outcrop to the surface. Some local areas are covered by a
layer of detritus soil. The weathering effect is very strong.
Some dumping deformation in varying degrees exists among
the superficial rock masses. The depths of strong and weak
unloading zone range from 50 to 90 m and 100 to 160 m,
respectively. The natural slope is stable. The geological con-
ditions are very complex because of the existence of intersec-
tional faults, dykes and fissures. The main discontinuities

controlling the stability of the left bank slope include the
lamprophyre dyke X, the fissure SL44–1 and the faults f5, f8,
and f42–9. A geological profile is shown in Fig. 4, in which
the rock quality grades are classified according to the Standard
for Engineering classification of rock masses of China (GB
50218–94).

The lamprophyre dyke X outcrops on both sides of the river
valley. It extends more than 1000 m at a general attitude of
320~345°∠60~75°and a thickness of between 2 and 3 m. The
posttectonic movement makes the interface between the dyke
and surrounding rocks develop to be small faults.

Fault f5 enters the dam site from upstream and its exposed
length reaches 1500 m. It is a strike-slip thrust fault with a
displacement of 70–90 m that trends N40–50°E and dips
SE70–80°. The properties of the shattered zone differ signif-
icantly as a function of the location and the lithology. The
thickness ranges from 0.5 to 6 m. The main material compo-
sitions of crushed zones are fault breccia and rock debris.

Fault f8 is approximately 1.4 km long and 1–2 m thick. It
meets fault f5 behind the excavation face. The attitude of the
fault plane is 300~310°∠60~75°. The fault crushed zones con-
sist of tectonic breccia, mylonite, and fault gouge.

Table 3 Material parameters of
the rock mass and key
discontinuities

Items ρ (kg/m3) c (MPa) tanφ E (GPa) ν

Rock quality grade II 2800 2.00 1.35 26.0 0.25

III1 2800 1.50 1.07 11.5 0.25

III2 2800 0.90 1.02 6.5 0.30

IV 2750 0.60 0.58 3.0 0.35

f5/f8 Above 1680 m 2600 0.02 0.30 1.1 0.35

Below 1680 m 2800 0.90 1.02 6.5 0.30

Dyke X Above 1680 m 2600 0.02 0.30 1.1 0.35

Below 1680 m 2800 0.90 1.02 6.5 0.30

f42–9 2750 0.02 0.30 0.4 0.35

Fissure SL44–1 2750 0.40 0.40 0.4 0.35
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Fig. 5 Potential sliding mass
before (left) and after (right)
excavation



Fault f42–9 is the main discontinuity in the downstream
slope, although its thickness is less than 1 m. Its extension to
the valley is restricted by fault f5. In addition, the general
attitude is 350~358°∠39~51°. The crushed zones mainly con-
tain tectonic breccia, rock debris, and fault gouge.

SL44–1 is a tension fissure between fault f5 and dyke X and
above fault f42–9, without any filler. Its general attitude is
80°∠52~65°, and its connectivity ratio is 50%.

The material parameters of the rock mass and key discon-
tinuities are given in Table 3. The rock mass quality grades
given in Table 3 correspond to those in Fig. 4.

Potential sliding mass

According to Zhou et al. (2006), the probability of failure of
the left bank slope near the dam is the highest because the rock
block is isolated by fault f5, fault f42–9, dyke X and fissure
XL44–1, just behind the excavation face. The strength of fault
f42–9 and dyke X is so low that the rock block tends to slide
toward the valley along fault f42–9. Because fault f42–9 ter-
minates at fault f5, the rock mass outside fault f5 prevents
further movement of the block. However, when the slope is
excavated to a level lower than the block, the resistance is
significantly weakened. When the resistance of the rock is
insufficient to support the block, it shears through the resisting

rock and slides out along fault f42–9. Figure 5 shows the two
parts of the sliding mass, the isolated block and the resistant
rock.

Reinforcement measures

Several slope stabilizing methods have been implemented to
strengthen the left bank slope. Thesemeasures include a drain-
age system, anchor bolts, shotcreting, concrete lattices, anti-
sliding piles, prestressed anchor cables and anti-shear cavities.
Only the last two reinforcement measures relate to the poten-
tial sliding mass discussed previously. Therefore, only these
will be taken into consideration in the following simulation.

Prestressed anchor cables were installed on the entire exca-
vation face. Anti-corrosion steel strands with multiple anchor
heads were employed. The pullout loads for the 6 and 80 m
long prestressed anchor cables were 2000 and 3000 kN, re-
spectively. The length of the anchored portion was 12 m, the
inclination was 8°, and the spacing between the cables was
5 m in both the horizontal and vertical directions. The basic
physical parameters for the prestressed anchor cables are listed
in Table 4.

Anti-shear cavities were used to replace the material near
the fault f42–9 with reinforced concrete. The size of their cross
section is 9 m (width) × 10 m (height). Three anti-shear

Table 4 Parameters of the
prestressed anchor cables Cable length

(m)
Pullout load
(kN)

Spacing
(m)

Yield strength
(MPa)

Number of
strands

Anchored part length
(m)

60 2000 5 × 5 m 1860 12ϕ15.24 mm 12

80 3000 5 × 5 m 1860 19ϕ15.24 mm 12

Stability analysis of complex rock slopes reinforced with prestressed anchor cables and anti-shear cavities 2033

Fig. 6 The plan of the anti-shear
cavity at 1834 m a.s.l.



cavities were constructed at elevations of 1883, 1860, and
1834 m with lengths of 110, 90, and 78 m, respectively.
Two 20-m-long concrete plugs were set up on each horizontal
side of the lower two anti-shear cavities. A plan view of the
anti-shear cavity at 1834 m a.s.l. is shown in Fig. 6. The basic
physical and mechanical parameters of the reinforced concrete
in the cavities are listed in Table 5.

Numerical simulation

The FEM software used to simulate the stresses of the left
bank slope is Comsol Multiphysics V4.2. All the equations
for calculating safety factors of each excavation steps are com-
piled in the software in advance. A dam-centered 3D model is
constructed that includes both the left and right bank slopes, as
shown in Fig. 7. The length in the x direction is 1000 m along
the river, the width in y direction is 1800 m perpendicular to
the valley, and the height is 1400 m, from 1300 to 2700 m
a.s.l. A total of 618,533 elements are meshed for the model. To
optimize the grids of the model, prism and tetrahedron ele-
ments are used for the structural planes and rock masses, re-
spectively. The bottom boundary of the model is fixed and the
normal displacements of all the lateral boundaries are
constrained. The initial stress of the model is gravitational

stress. The prestressed anchor cables and anti-shear cavities
are built in the model before calculating, and they will be
enabled at the corresponding excavation steps. The structural
elements are used to simulate the prestressed anchor cables.
The strains between the prestressed anchor cables and the rock
masses are coupled to make sure the deformation is
compatible.

Duncan (1996) indicated that if the conditions were not
close to failure, the differences between the factors of safety
calculated using the elastoplastic and elastic stress–strain re-
lationships would not be significant. Ge (2010) also came to a
similar conclusion using the VSM. To save computational
resources, the elastic theory is used here to calculate the stress
tensor on the potential failure surface. Four conditions will be
simulated: (1) excavation without any reinforcement, (2) ex-
cavation reinforced by prestressed anchor cables alone, (3)
excavation reinforced by anti-shear cavities alone, and (4)
excavation reinforced by a combination of both prestressed
anchor cables and anti-shear cavities.

The whole excavation process from 2110 to 1580m a.s.l. is
divided into 11 steps. The height of the first step is 30 m, and
that of all the others are 50 m. The cable-crane platform and
the dam crest platform are also considered in the excavation
sequence. The installation of prestressed anchor cables is syn-
chronized with the excavation steps. In other words, when

Table 5 Parameters of the
concrete in the anti-shear cavities Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio Cohesion (MPa) Internal friction angle (°)

2700 26 0.2 1 45

2034 J. Bi et al.

Fig. 7 Geometry model for the simulation
Fig. 8 Location of the anti-shear cavities, prestressed anchor cables,
potential failure surface, and excavation faces



excavating for a certain step, the prestressed anchor cables
above the excavation elevation in question are enabled. The
construction of anti-shear cavities at the elevations of 1883
and 1860 m will be finished before excavating to dam crest
platform. The 1834 m a.s.l. anti-shear cavity will be complet-
ed before excavation is begun at 1830m a.s.l. The locations of
the potential failure surface, the excavation face and the rein-
forcements are shown in Fig. 8.

Results

Stability under different reinforcement conditions

After obtaining the stress tensor on the potential failure sur-
face, the factor of safety and the potential sliding direction can
be calculated using Eqs. (16) and (11), respectively. However,
some small treatments are to be applied for different

reinforcement situations. When supported by anti-shear cavi-
ties, the potential failure surface is assumed to cut through the
cavities along the original surface of fault f42–9. When taking
into account the resistance of the anchor cables, Eq. (16), at
this state, should be amended to be:

k ¼
Frj j þ ∑

i
ni Fmi−Fpi
� �
Fsj j ð17Þ

where i is an index for the prestressed anchor cables (i = s for
the 60-m-long cables and l for the 80-m-long cables), n is the
number of effective prestressed anchor cables intersecting
with the potential failure surface, Fm is the yield force of a
single cable and Fp is the pullout load. The changes of the
safety factors with the excavation steps are shown in Fig. 9.

As shown in Fig. 9, the initial safety factor was 1.3 at the
beginning of the excavation. There is no change in the safety
factor before excavating the dam crest platform, regardless of
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Fig. 9 Safety factors under
different reinforcement
conditions during excavation

Fig. 10 Average normal stress of
the potential failure surface under
different reinforcements during
excavation



the reinforcement conditions. The safety factor increased with
the first few excavation steps because the removal of the rock
mass was equivalent to an unloading process.

Without reinforcement, the safety factor decreased sharply
when excavating from 1930 m a.s.l. to the dam crest platform
(1885 m a.s.l.). This is due to the reduction in the resistance of
the rock outside fault f5. When the excavation elevation was
1830 m a.s.l., the safety factor reached a value lower than 1,
which implies that the excavation was at an unstable state. As

the excavation continued to lower heights, to 1730m a.s.l. and
below, it was found that the safety factor was no longer de-
pendent on the excavation process at all.

The reinforcing ability of prestressed anchor cables on the
discussed failure mode was quite limited. They only improved
the safety factor by 2.5%. The anti-shear cavities, on the other
hand, played a prominent role in improving the stability of the
slope. The addition of anti-shear cavities at 1883 and 1960 m
a.s.l. effectively maintained the safety factor at a level higher

2036 J. Bi et al.

Fig. 11 Average shear stress of
the potential failure surface under
different reinforcements during
excavation

Fig. 12 Angles between the
potential sliding direction and the
axes



than 1. The results from a combination of the prestressed
anchor cables and the anti-shear cavities were found to be
slightly better than the superposition of their respective
results.

Influence of different reinforcement measures on the slope
stability

The influence of different reinforcement measures on the av-
erage normal stress and average shear stress of the potential
failure surface are depicted in Figs. 10 and 11, respectively.

When prestressed anchor cables were used, the average
normal stress became bigger, and the average shear stress
became smaller than that of conditions without any reinforce-
ment at every excavation step below 1930 m a.s.l. However,
their amplitudes were so small that the impact on the safety
factor was slight.

When anti-shear cavities were enabled, both the average
normal stress and shear stress on the potential failure surface
continued to decline because the anti-shear cavities restricted
the movement of the unstable rock blocks isolated by the
discontinuities. Although the resistant rocks outside fault f5
were excavated, the unstable rock blocks did not require the
resistant rocks to provide resistance any longer.

Using the potential sliding direction obtained from Eq.
(11), the angles between the potential sliding direction and
the axes were computed and are shown in Fig. 12. The most
likely sliding direction was predicted to occur along fault f42–
9. The angles between the normal vector of fault f42–9 and the
x, y, and z coordinates were 94.3, 92.3, and 85.9°, respectively.
The angles between the potential sliding direction and the
normal vector of fault f42–9 are plotted in Fig. 13. From these
two figures, it can be observed that the influence of the
prestressed anchor cables on the potential sliding direction
was very inconspicuous, which was expected.

In Fig. 13, if the angle was close to 90°, the potential sliding
direction approached perpendicular to the normal vector of

fault f42–9 and thereby was parallel to the tangential direction
of fault f42–9.When excavating from 1930m a.s.l. to the dam
crest platform (1885 m a.s.l.), the potential sliding direction
dramatically shifted to the tangential direction of fault f42–9.
The prestressed anchor cables could not reverse this situation.
However, the effect of the anti-shear cavities was significant
because they prevented the potential sliding direction from
escalating to a worse condition.

Overall, the combined reinforcements of the prestressed
anchor cables and the anti-shear cavities efficiently restricted
the deformation and ensured the stability of the left bank slope
of the Jinping first stage hydropower station during the exca-
vation process. The contribution of the anti-shear cavities was
found to be much greater than that of the prestressed anchor
cables. The same qualitative assessment was drawn by Li et al.
(2015a) through the reliability analysis of the same failure
mode with these two reinforcement measures. In their study,
the average safety factors of the same failure mode are 1.346
and 1.172 when excavated to 1780 m with reinforcement or
not. However, evaluated by the proposed method, the nature
slope without any reinforcement has failed when excavated to
1830 m. Therefore, the evaluation of the proposed method is
conservative compared with the results obtained by Li et al.
(2015a), which is more advantageous to ensure the safety
during engineering construction.

Discussion

For LEMs and SRMs, the potential sliding direction is not a
necessary part for the calculation of the factor of safety.
However, as to the proposed method in this paper, the poten-
tial sliding direction concerns the projection results of the
resistance force and the sliding force. The potential sliding
direction calculated is assumed to be the reverse direction of
the resultant force of the shear stress acting on the potential
failure surface. A more reasonable definition of the potential
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Fig. 13 Angles between the
potential sliding direction and the
normal vector of fault f42–9



sliding direction with clear mechanical meanings should be
studied in the future.

In the case study, the elastic theory is utilized to obtain the
stress on the potential failure surface. If using elastoplastic
theory, the results will be more accurate. Even though the
pre-stressed anchor cables make little difference on the stabil-
ity of the potential failure mode chosen in this paper, they are
an essential part for the whole stability of the left bank slope of
Jinping first stage hydropower station. The effect of the pre-
stressed anchor cables cannot be underestimated according to
the results in this paper.

Conclusions

In order to analyze the stability of complex rock slopes with
multiple discontinuities and reinforcements, an evaluation
method of slope stability is proposed in this paper, and it
was applied to the stability analysis of the left bank slope of
the Jinping first stage hydropower station. The stress on po-
tential sliding surface was calculated by FEM method. The
excavation process before and after reinforcing was simulated.
The following conclusions can be drawn:

(1). The proposed method is established based on the actual
stress state of the potential failure surface. All the equa-
tions calculating the safety factor can be applied in both
2D and 3D situations. The influence of the potential
sliding direction on slope stability is considered, which
is meaningful to guide the adoption of reinforcement
scheme.

(2). EX1(a) and EX1(c) released by ACAD are used to ex-
amine the proposed method. The results show that the
proposed method can correctly evaluate the critical state
of a slope, and for safe slopes, the proposed method is
conservative compared with LEMs.

(3). The reinforcement effects of pre-stress anchor cables
and anti-shear cavities of the left bank slope of Jinping
first stage hydropower station are evaluated by the pro-
posed method. The results indicate that the natural slope
will be instable when excavated to 1830 m without any
reinforcement. The combination of these two reinforce-
ments can ensure the stability of the selected failure
mode during the whole excavation process, and the
anti-shear cavities are more effective than the pre-
stressed anchor cables for the stability. The proposed
method is feasible for evaluating the stability of com-
plex 3D rock slopes with reinforcements.
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