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Abstract: For this study, the geological engineering features and possible failure modes of the Daben-
liu quarry slope in the Jinping-I Hydropower Station were qualitatively analyzed before a method
for setting viscous boundary and an algorithm for modeling pre-stressed cables were embedded
into a DDA (Discontinuous Deformation Analysis) computer code to analyze the deformation of the
slope under seismic loading. Our simulation results revealed that the middle and upper parts of the
slope slipped along the bedding joints (interlayer shear zones) and that the lower part buckled and
collapsed after the slope was excavated. This is a typical slipping–buckling failure mode characterized
by upper-slipping followed by lower-buckling. Based on the distribution of the simulated internal
force of the anchor cables, the reinforcement scheme was adjusted by strengthening the support for
the middle and lower parts of the slope, whereas the length and pre-stress of the anchor cables were
reduced for the upper part of the slope. The adjusted reinforcement scheme can ensure the stability
of the slope under the action of a magnitude 7 earthquake, and the slope may lose stability with no
evident collapse under the action of a magnitude 8 earthquake. Finally, the simulation results were
verified via a comparison with the monitoring data regarding the slope.

Keywords: discontinuous deformation analysis (DDA); slope stability analysis; deformation failure
process; seismic loading; anchor reinforcement

1. Introduction

The Jinping-I Hydropower Station is located in the Yalongjiang river of Western China,
and it has an installed capacity of 3600 MW. The Dabenliu quarry slope is located in the
downstream of the dam and the left bank of the Yalongjiang river. The max excavation
height of the quarry slope is 468 m, and the excavation slope ratio is fairly large, forming a
precipitous man-made high-steep slope, as shown in Figures 1 and 2. In order to meet the
requirements of material consumption for dam construction, the slope excavation speed
is fast, and the phenomena of rock deformation, cracking and collapse frequently occur
during excavation. As one of the highest bedding steep rock slopes in China, more attention
is being paid to the stability and safety of quarry slopes by the government, designers, and
construction contractors during the construction period.

The Dabenliu slope at the dam site is characterized by a steep geometry and complex
geological conditions. Figure 2 shows a plan view of this slope, along with a plan of the
topography and excavation of the quarry slope. The geological profile (11-11) of the slope
is shown in Figure 3. The slope rock masses are composed of marble (T2-3Z

2), slate, and
stratified metasandstone (T2-3Z

3), which were formed in the Zagunao formation in the
Middle and Upper Trias. The overall strike of the strata in the area is in the range of 350◦ to
30◦, the dip direction is about SE, and the dip angle is about 64◦ to 72◦. Under the influence
of tectonic action, the local strata are deflected and even bended, the strike changes to about
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40◦ to 56◦, and the dip becomes steeper, increasing from 80◦ to 85◦. There are thin and soft
layers (clayey interbeds) embedded in the hard strata, which have undergone a series of
interlayer shearing and argillization processes through the action of multi-phase tectonic
stress, finally forming a lot of interlayer shear zones. The interlayer shear zones are widely
developed and are located at different depths beneath the subsurface of the slope, with
a spacing of 4–7 m and a thickness of 0.5–5 cm, as shown in Figure 2. In addition, there
are small faults and many groups of joints in the slope rock masses. Most of the small
faults intersect with the slope at a large angle or even incline inward the slope, such as F12,
F17, F18, and F113 (Figure 2). Moreover, four sets of joints exist in the rocks. The first set
includes bedding joints with an orientation of N 60◦–90◦ E. The other sets are oriented at
N 270◦–300◦ W, N 300◦–330◦ W, and N 30◦–60◦ E. In a word, it can be concluded that the
geological conditions at the slope zone are extremely complex.
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Figure 3. Geological cross section I1-I1 of the Dabenliu quarry slope.

The quarry slope can be divided into two main parts according to the change in the
strike of the slope after excavation: the north–west front slope, and the south–west side
slope. In the north–west front slope, which also constitutes the main part of the quarry
slope, the strike of the strata is nearly parallel to the slope strike and steeply inclines outside
the slope. However, the dip of the strata is larger than the slope angle (see Figure 2); hence,
it seems that the strata are obliquely inserted into the ground, and the natural slope is stable
as a whole. In the south–west side slope, the strata strike obliquely intersects with the slope
strike, and the slope is more stable than the north–west front slope before excavation.

The DDA method is an excellent numerical method that can simulate large defor-
mation problems in relation to slopes [1,2]. The slope of the quarry slope may undergo
significant deformation. There has been in-depth research on DDA deformation simulation
both domestically and internationally, as shown in Table 1. However, there are few reports
on using DDA to simulate deformation under seismic loads [3–5].

Table 1. Literature review of DDA simulation.

Number Source Contribution

1 [6] A cusp catastrophe model is proposed for a slip–buckling slope based on catastrophe theory, and the
formulations of the necessary and sufficient conditions for instability of the slope are presented.

2 [7]

Qualitative assessment visually examining runtime behavior of simulations, semi-quantitative
assessment comparing numerical results of simulations, and quantitative assessment wherein the

numerical simulation results are evaluated in detail with respect to similar analytical, laboratory or field
results. DDA performs more than adequately for engineering analysis.

3 [8]

Research has shown that, under seismic loads, the slope model mainly presents shear cracks and tension
cracks that extend, connect, and develop step-type fractures; the slope experienced toppling and sliding

failure. The study has theoretical and practical significance, it can provide guidance for seismic
slope engineering.

4 [9] To improve contact precision in the DDA, an augmented Lagrangian method, which can make use of
advantages of both the Lagrangian multiplier method and the penalty method, is introduced.

5 [10] Research has shown that discontinuous deformation analysis (DDA) is capable of modeling rockslides
with substantial debris flow.
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Table 1. Cont.

Number Source Contribution

6 [11]
Research shows the validation of two methods of wedge stability analysis, namely, block theory and
three-dimensional discontinuous deformation analysis (3D DDA), using physical models and field

case histories.

7 [12]

Simulations of real rockfall via discontinuous deformation analysis (DDA) are conducted. This novel
technique properly considers the energy absorption ability of the slope based on vegetation conditions

and the shape of rockfall and provides a new method for the assessment and preventive design
of rockfall.

8 [13] The DDA method clearly shows the process of rock block failure and profoundly reveals the difference
in sliding mode (caused by using different stability evaluation methods).

2. Possible Failure Modes of the Slope

The Dabenliu quarry slope is a typical high-steep bedding slope. As discussed above,
there are three kinds of discontinuities in the rock masses of the slope: interlayer shear
zones (bedding joints), small faults, and cross joints. The layers themselves are relatively
hard, with high persistence, whereas there are numerous interlayer shear zones with a
small spacing compared with the height of the slope. It seems that the slope is composed
of a series of thin slabs obliquely superimposed together.

After the slope is excavated, the dip of the strata is nearly equal with the angle of the
excavated slope in the north–west front slope, as the excavation lines depict in Figure 3.
However, the strata in the south–west side slope intersect obliquely with the slope strike.
At the same time, there are a lot of small faults and cross joints within the rock strata. The
failure of the slope may manifest in the following modes after excavation:

(1) Slipping–buckling failure. The north–west front slope is a dip slope, with the
dip angle of strata being almost parallel to the slope gradient. Even though layers never
daylight at the slope toe, the exceptional persistence and weakness of the interlayer shear
zones allow for the buckling of layers. In the initial stage after excavation, the middle and
upper parts of the slope strata may slip slowly along the bedding joints because the strata
are so steep and the shear strength of the bedding joints is so weak to the point whereby
it cannot resist the huge sliding force proceeding downslope. The slipping deformation
may be very small since the bedding joints at the slope toe are not daylighted; however,
a small deformation is enough to cut off the cohesion between layers. Then, the huge
self-weight of the middle and upper layers may transfer to the lower part with a finite
width, causing the lower part to gradually buckle. The buckling occurs more easily when
triggered by an earthquake or when cross joints exist. Because the strata are hard, thin, and
highly persistent with a lot of cross joints and small faults, the failure will manifest as block
extrusion and collapse. These modes are shown in Figure 4. Its occurrence may cause a
large-scale rock avalanche.

(2) Slipping along the interlayer. This failure mode happened in the south–west side
of the slope on 29 June 2011. The crushed rock was composed of the thin–extremely thin
slates located between the elevation of 1895 and 1930 m. The length of the crushed rock
was about 3–5 m along the slope surface and 2–3 m in depth, and the volume was about
550 m3, as shown in Figure 5.

(3) Block failure. During slope excavation, unstable blocks can be formed under a
certain number of unfavorable combinations of joints, interlayer shear zones, or small
faults. This mode occurred in the south–west side of the slope on 5 July 2011. The crushed
rock, located between the elevation of 1925 and 1985 m, was composed of the metamorphic
quartz strata interlayered with the slates. Its morphology was akin to a tetrahedron block,
and it had a volume of about 4100 m3, as shown in Figure 6. The small fault F2 along with
some interlayer shear zones formed the cutting faces of the block.
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Figure 4. Schematic diagram of slipping–buckling failure mode: (a) the slope is composed of a series
of thin strata with interlayer shear zones in it; (b) the outer strata begin to slip in the upper part; (c) the
slipping develops to the middle and bottom parts, and the bottom parts begin to buckle and extrude
outward due to the great weight of the middle and upper parts acting on the limit width of the lower
parts; (d) these deformation failure phenomena accumulate, ultimately causing a (e) collapse.
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Hence, the possibility of rock failure, the above failure modes, and the deformation
failure process, together with stability during excavation and long-term stability, are the
key issues in slope excavation design. Through qualitative analyses and comprehensively
considering the aspects of the geological characteristics of the three kinds of discontinuities,
the features of the above three failure modes, and the possible scale of the failure strata, as
well as the difference in the strike between the front and side slopes, one can ascertain that
the slipping–bulking failure is more dangerous as it may cause strata failure from the top
to the bottom of the slope [14–17]. At the same time, this mode concerns the analysis of the
deformation failure process, and the relevant studies regarding this type of failure mode
are much more limited compared with the other two kinds of failure modes.

Qin et al. [6] analyzed the mechanical mechanism of buckling failure. In their study, a
cusp catastrophe model was developed based on catastrophe theory and the formulations
of the necessary and sufficient conditions for the instability of the slope were presented.
Tommasi et al. [18] analyzed the genetic mechanism of the buckling failure in a typical dip
slope with a gentle gradient in the left flank of the Adige River valley south of Rovereto
(North-Eastern Italy), as shown in Figure 7. In their study, this failure mode was back-
analyzed using the Distinct Element Method (DEM) and Discontinuous Deformation
Analysis (DDA). Seijmonsbergen et al. [19] explored the mass source of the sturzstroms
originating from prehistoric landslides and rock avalanches that occurred at the end of a
glacial retreat in Vorarlberg, Austria. They believed that the sturzstroms were produced by
a three-hinge buckling failure that happened on the dip slopes due to alternating sandstone,
marl, and conglomerate layers.
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Figure 7. The buckling failure (from Tommasi et al., 2009). (a) Actual scene; (b) Ppofile of the left
flank of the Adige Valley.

In contrast with the above work, this article studies the deformation failure processes
of buckling failure triggered by excavation and earthquakes in the Dabenliu quarry slope.
This slope and its strata are higher and steeper than most of those in the literature. The
effect of the reinforcement scheme will also b eevaluated and refined accordingly. Many
discontinuity-based methods, including DDA, DEM, the combination of FEM and DDA [20],
and the coupled DDA-SPH method [21], were used to simulate the deformation failure
processes of geological materials. Considering the possible features of deformation failure
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regarding the quarry slope under study, fragmentation may be not serious, and most of the
blocks will likely remain intact; thus, we deemed it suitable to use the DDA method as an
analysis tool for the present study. Discontinuous deformation analysis (DDA), which is of
rigid mathematical and mechanical foundation, is capable of analyzing large displacement
and failure processes in complicated block systems.

3. Some Relevant Simulation Technologies in DDA

Discontinuous deformation analysis (DDA) [22] is a numerical method for analyzing
the discontinuous deformation of a block system. DDA constructs equilibrium equations
for dynamic problems in an incremental form based on the principle of potential energy
minimization. It introduces the real inertia force and uses a dynamic method to solve
static (including quasi-static) and dynamic problems. For static problems, damping is
adopted to absorb the kinetic energy of the block system in order to achieve a final static
equilibrium state. Since it can simulate the actual mechanical process (the current static
state of the block system is actually the result of a series of dynamic processes) of rock
masses, the calculated results, including the contact forces between the blocks and the
displacements, are of practical significance. Owing to the great advantages brought by
the simulations of large deformation and discontinuous deformation in the DDA method,
the blocks are allowed to move and deform as time progresses, and the mode of failure
(if any) of the rock mass simulation model becomes apparent without the need to involve
preliminary assumptions.

DDA meets three convergence conditions: convergence of the equilibrium equations,
convergence of the open–close iterations for all contacts, and convergence of the maximum
displacement for static computations [23]. In each computation step, it usually needs
several open–close iterations to adjust the contact patterns of opening, closing, or sliding
until the contact pattern at each contact position does not change. By applying or removing
the rigid springs on the interfaces between blocks, the contact patterns satisfying non-
entrance and non-tension between blocks are realized. Then, the computation proceeds to
the next step. Thus, in each open–close iteration analysis of each time step, DDA must solve
the global equilibrium equations. The open–close iteration ensures that the conditions of
non-entrance and non-tension are strictly obeyed among the blocks. Hence, the theory is
rigid and of high computation efficiency.

Ever since DDA was first proposed, it has received extensive attention and attracted
considerable interest. Many studies on physical model testing and DDA verification [7,8,24–27],
block contact problems [9,10,28], three-dimensional DDA methods [11,29–31], dynamic
stability analysis [32–36], and engineering applications [12,13,37–40] have been carried out.

Even though DDA is a powerful analysis tool for the stability evaluation of rock
engineering, it has not been as widely employed in practice compared to other popular
numerical computation methods due to the relative difficulties with respect to its theoretic
bases and the fact that it usually requires application technologies.

For this study, a method for viscous boundary setting for calculating the dynamic
deformation of a slope under seismic loading and an algorithm for modeling a pre-stressed
cable were embedded into the DDA computer code. The effect of the reinforcement for the
slope under seismic loading was also simulated and discussed.

3.1. Viscous Boundary Setting

A viscous boundary condition was introduced into the DDA computer code by setting
free dampers in the normal and tangential boundary of all blocks (Figure 8). The normal
and tangential damping stresses, fn and fs, are as follows:

fn = −ρcPvn (1)

fs = −ρcSvs (2)
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where ρ is the density of media; cP and cS are P-wave velocity and S-wave velocity, respec-
tively; vn and vs are the normal and tangential components of velocity at the boundary. cP
and cS can be obtained as follows:

cP =

√
E(1− v)

ρ(1 + v)(1− 2v)
(3)

cS =

√
E

2ρ(1 + v)
(4)

where E and ν are the module and Poisson’s ratio of media.
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3.2. Pre-Stressed Cable Numerical Realization in DDA

As shown in Figure 9, a pre-stressed cable connects block i (xi,yi) and j (xj,yj). The
increase in cable length is as follows:

dl = 1
l [(x1 − x2)(u1 − u2) + (y1 − y2)(v1 − v2)] +

f0
s

=
(

u1 v1
)( lx

ly

)
−
(

u2 v2
)( lx

ly

)
+ f0

s

= DT
i

(
lx
ly

)
− DT

j

(
lx
ly

)
+ f0

s

(5)

where D is the displacement vector in DDA; f 0 and s are the anchorage pre-stress and
stiffness, respectively. The strain energy of cable is as follows:

∏ =
e0

2

(
dl +

f0

s

)2
= DT

i EiET
i Di − 2DT

i EiGT
i Gj + DT

j EjET
j Dj (6)

where Ei = TT
i
(
lx, ly

)T and Gi = TT
j
(
lx, ly

)T. By taking the extreme value of Equation (6),
six linear equations can be obtained; these equations were added into the global stiffness
matrix of DDA, i.e.,

sET
i Ei → Kii

sGT
i Gi → Kjj

−sET
i Gj → Kij

−sGT
j Ei → Kji

− f0Ei → Fi

f0Gj → Fj


(7)

where K is the global stiffness matrix and F is the loading vector.
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In the DDA method used for this article, the Coulomb Mohr criterion and open–close
iteration were used to achieve the opening and sliding of the block boundary interface
without considering the cracking and failure of the rock block. When two blocks come
into contact, the anti-slip force of the block is obtained based on the normal force and
friction coefficient and compared with the tangential force. When the tangential force is
greater than the anti-slip force, the two blocks slide. In addition, whether the blocks re
in contact can be determined based on the distance between them, achieving open–close
iteration discrimination.

4. Analysis of Slope Deformation Failure Process

According to geological engineering survey data, the geological cross section shown
in Figure 3 was used to represent the quarry slope and simulated by DDA. As the strike of
the strata is almost parallel to that of the slope surface, two-dimensional simulation is very
suitable for this slope.

Discontinuities were considered in DDA modeling, including fault F12, F17, F18, F90,
and F113, as well as the interlayer shear zones buried in different depths. Rock mechanic
parameters were derived based upon the rock mechanical test, and they are listed in Table 2.
The control parameters used in the calculation of DDA are shown in Table 3. A kinematic
damping coefficient of 0.99 was adopted to simulate the energy dissipation during seismic
loading in order to account for energy loss mechanisms in DDA. The range of this coefficient
is in good agreement with the conclusions of [32]. Additionally, choosing a small allowable
maximum step displacement ratio (5 × 10−3 in Table 2) is beneficial in order to promote a
precise DDA calculation [31,32,36].

Table 2. Mechanical parameters of the rock strata.

Rock Material Unit Weight
(kN·m−3)

Deformation
Modulus (GPa)

Poisson’s
Ratio

Cohesion
(MPa)

Frictional
Coefficient

Tensile Strength
(MPa)

Rock strata 26.0 20.0 0.25 1.0 1.0 0.6

Interlayer shear zone / / / 0.05 0.36 0.0

Joint, small fault 23.5 20 0.167 0.1 0.47 0.0

Table 3. Computational control parameters in DDA.

Kinematic Damping Coefficient Upper Limit of Step Time Allowable Maximum
Step Displacement Ratio

Contact Spring
Stiffness

0.99 Automatically selected by the code 5 × 10−3 30 GN·m−1
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The simulation results show that the slope will fail if excavation is completed without
support, and the failure process is shown in Figure 10. Under the effect of gravity, the
upper strata of slope initially slip. From the results in Figure 10b, we can find that the
middle and upper strata slip along the interlayer shear zones and consequently transmit
force to the lower part of strata, causing an active extrusion effect on the lower strata. The
lower strata subsequently slip and crack along the joints or small faults and gradually
extrude outward, as shown in Figure 10c,d. Finally, in the lower position of the slope,
buckling failure occurs, as shown in Figure 10e,f. This is a typical buckling failure mode
characterized by upper-slipping followed by lower-buckling. DDA can adequately reveal
this mechanism and slope failure process.
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The deformation failure mechanism can be attributed to two reasons: one is that the
sedimentary rock strata form a mechanical multiple slab structure with densely-developed
interlayer shear zones in the strata; the other is that the dip of strata is steep and close to the
angle of the excavated slope, forming a favorable condition for slip–buckling deformation.

5. Investigation of Reinforcement Design Scheme

Anchor cables were used to reinforce the slope. The anchor cables we used were 64 m
in length and inclined downward 20◦. A total of 16 anchor cables were mounted on the 2D
section. Compared with the actual spacing of the anchor cables, the ultimate tensile force
for each anchor cable was equivalently 1500 t in the 2D section simulation.

After applying the anchor cables, the rock mass of the slope became stable, as shown
in Figure 11. The simulated internal force of each anchor cable is shown in Figure 12, where
the anchor cables are numbered in sequence from the bottom to the top. The internal forces
of the fourth and eighth anchor cables are the largest, and the internal force is larger in
the middle and lower parts of the slope, whereas the forces of anchor cables in the upper
part of the slope is very small. As a consequence, there is an urgent need to strengthen the
support in the middle and lower parts of the slope, and the length and pre-stress of the
anchor cables in the upper part of the slope can be properly reduced.
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The stability of a slope is not only assessed based on gravity loading but also on earth-
quake loading. Hence, we further analyzed the stability of the anchored slope considering
earthquake action. A real-time seismic recording curve of a magnitude 9.0 earthquake in a
certain area was used in our simulation, as shown in Figure 13. By halving or doubling the
acceleration factor (the ratio of recorded seismic acceleration to gravity acceleration) in the
curve, a magnitude 8.0 or 10.0 earthquake was obtained.

Under a magnitude 8 earthquake, the internal force of the anchor cables in the middle
and lower parts exceeds their ultimate tensile force and the anchor cables break down
one after another, finally leading to slope failure. This slope failure process is shown in
Figure 14.
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Based on the above analysis results, the reinforcement scheme was then adjusted: the
length of the anchor cables in the upper part of the slope was reduced, the anchoring force
was reduced to be 1/3 of the previous designated value, and the quantity of the anchor
cable was doubled in the middle and lower parts. Figure 15 shows the final failure state
of the slope after the reinforcement scheme was adjusted. Under these conditions, the
anchored rock masses are totally stable under a magnitude 7 earthquake, with two anchor
cables breaking down in the middle part of the slope. Under a magnitude 8 earthquake, six
anchor cables break down one after another when the earthquake lasts for 30 s, and the
slope will fail overall; however, there was no evidence of a collapse.
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Figure 15. Final failure state of the slope after adjusting the reinforcement scheme. (a) Under a
magnitude 7 earthquake. (b) Under a magnitude 8 earthquake.

6. Stability Evaluation of Slope under Reinforcement Scheme
6.1. Monitoring Setting

A monitoring system was designed and installed to examine the stability of the slope
during excavation and the performance of reinforcement scheme. It can be divided into
three main components: slope surface deformation monitoring, shallow deformation
monitoring, and anchoring force monitoring. Through using these measures, we were able
to evaluate the deformation of the slope and the anchoring force loss in the anchor cables.

The arrangement of the surface monitoring points aimed to monitor the overall defor-
mation of the slope that was influenced by fault F12, F17, F18, F90, F113, and the interlayer
shear zones exposed on the excavation surface. The TCA2003 automatic tracking total
station Leica was employed to monitor the surface deformation of the slope. A total of
17 surface observation piers were installed on different levels of the cutting edge of the
slope, as denoted from HD1-DBL to HD17-DBL in Figure 16. Amongst these, 6 points were
on the excavated slope above 2000 m elevation, and 10 points were located between 1680
and 2000 m.

Multi-point extensometers were employed to monitor the deformation of the rocks
that was induced by stress relaxation in the slope at shallow depth (within 40 m beneath
the excavated surface). A total of five sets of multi-point extensometers were arranged in
the left bank slope, of which one set was located above 2000 m (numbered M1-DBL) and
4 sets were located between 1680 and 2000 m (numbered M2-DBL to M5-DBL). The layout
of the multi-point extensometers is plotted in Figure 16.

To monitor the loss of anchoring force, eight cable dynamometers were installed in the
pre-stressed anchor cables. Among them, three sets of dynamometers were located above
2000 m, as illustrated in Figure 16. The others were installed below 2000 m elevation.



Appl. Sci. 2023, 13, 11010 14 of 18Appl. Sci. 2023, 13, x FOR PEER REVIEW 15 of 19 
 

 

Figure 16. Layout of various monitoring points on the Dabenliu quarry slope. 

6.2. Analysis of Monitoring Data 

Figure 17 shows the variation in the horizontal deformation of some of the typical 

surface monitoring points over time. Three slope deformation stages can be observed in 

Figure 17. In the initial excavation stage, the slope deformed at a low rate because of the 

small volume of excavation. After 100 days, the slope was excavated rapidly, causing the 

deformation rate at the surface monitoring points to increase dramatically. When excava-

tion finished, the slope deformation rate slowed down and showed a tendency towards a 

constant value. A similar deformation trend was also observed for a typical multi-point 

of M3-DBL, as shown in Figure 18.  

 

Figure 17. Deformation evolution of typical surface monitoring points (HD4-DBL, HD7-DBL-HD12-

DBL, and HD16-DBL) with time. 

115°

0 100 200

1760

1840

1920

2000

2080

2160

2240

300 400 500

1600

1680

1640.20

F12

  

28°

F113340°  2
8°

3
0
0
° 

 8
5
°

F
1
7

F
1
83
5
0
° 

 7
5
°

Yalong River

Elevation (m)

296°

Distance (m)

HD1-DBL

HD2-DBL

HD3-DBL

HD4-DBL

HD5-DBL

HD6-DBL

HD7-DBL

HD8-DBL

HD9-DBL

HD10-DBL

HD11-DBL

HD12-DBL

HD13-DBL

HD15-DBL

HD16-DBL

HD17-DBL

M1-DBL

M2-DBL

M3-DBL

M4-DBL

M5-DBL

SF1-DBL

SF2-DBL

SF3-DBL

SF4-DBL

SF5-DBL

SF6-DBL

SF7-DBL

SF8-DBL

Surface monitoring point

Multi-point externsometer

Cable dynamometer

Figure 16. Layout of various monitoring points on the Dabenliu quarry slope.

6.2. Analysis of Monitoring Data

Figure 17 shows the variation in the horizontal deformation of some of the typical
surface monitoring points over time. Three slope deformation stages can be observed
in Figure 17. In the initial excavation stage, the slope deformed at a low rate because of
the small volume of excavation. After 100 days, the slope was excavated rapidly, causing
the deformation rate at the surface monitoring points to increase dramatically. When
excavation finished, the slope deformation rate slowed down and showed a tendency
towards a constant value. A similar deformation trend was also observed for a typical
multi-point of M3-DBL, as shown in Figure 18.
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Figure 17. Deformation evolution of typical surface monitoring points (HD4-DBL, HD7-DBL-HD12-
DBL, and HD16-DBL) with time.



Appl. Sci. 2023, 13, 11010 15 of 18
Appl. Sci. 2023, 13, x FOR PEER REVIEW 16 of 19 
 

 

Figure 18. Deformation of evolution of extensometers M2-DBL. 

Figure 19 shows the anchoring force and the variation in loss ratio (the ratio of real-

time force to the locked force) of SF5_DBL during the excavation process. Initially, the 

rapid increase in anchoring force is associated with the lack of deep support treatment 

regarding the excavated slope. When the reinforcement scheme was completed above 

1985 m elevation, the anchoring force remained stable. Widespread rainfall in the summer 

of 2011 led to an obvious increase in anchoring force again. Later, after the completion of 

excavation and the reinforcement measurements, the anchoring force showed a tendency 

towards a convergence state, and its anchoring loss ratio was 5.2%, which is acceptable in 

engineering. Through combining the deformation results of surface deformation monitor-

ing and shallow deformation monitoring, it was shown that the slope is in a stable condi-

tion under the implementation of the reinforcement design scheme. 

The DDA simulation results show that the excavated slope is stable under the action 

of gravity after the reinforcement scheme was implemented. This conclusion is consistent 

with that of field monitoring studies and the actual behavior of slope. Thus, the use of the 

DDA method for evaluating the stability of the slope proved to be reasonable.  

It should be noted that the monitoring results only reflect the deformation behavior 

of the slope under gravity loading, and the state of the slope under seismic loading is not 

known. The DDA method brings the advantage of providing a dynamic solution for dis-

continuous deformation; therefore, the stability of this slope was extensively evaluated 

via DDA simulation. The results described in Section 5 also indicate that the slope is stable 

under the action of a magnitude 7 earthquake.  

Figure 18. Deformation of evolution of extensometers M2-DBL.

Figure 19 shows the anchoring force and the variation in loss ratio (the ratio of real-
time force to the locked force) of SF5_DBL during the excavation process. Initially, the
rapid increase in anchoring force is associated with the lack of deep support treatment
regarding the excavated slope. When the reinforcement scheme was completed above 1985
m elevation, the anchoring force remained stable. Widespread rainfall in the summer of 2011
led to an obvious increase in anchoring force again. Later, after the completion of excavation
and the reinforcement measurements, the anchoring force showed a tendency towards a
convergence state, and its anchoring loss ratio was 5.2%, which is acceptable in engineering.
Through combining the deformation results of surface deformation monitoring and shallow
deformation monitoring, it was shown that the slope is in a stable condition under the
implementation of the reinforcement design scheme.
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Figure 19. Evolution of anchoring force and loss ratio for dynamometer SF5_DBL.

The DDA simulation results show that the excavated slope is stable under the action
of gravity after the reinforcement scheme was implemented. This conclusion is consistent
with that of field monitoring studies and the actual behavior of slope. Thus, the use of the
DDA method for evaluating the stability of the slope proved to be reasonable.
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It should be noted that the monitoring results only reflect the deformation behavior
of the slope under gravity loading, and the state of the slope under seismic loading is
not known. The DDA method brings the advantage of providing a dynamic solution for
discontinuous deformation; therefore, the stability of this slope was extensively evaluated
via DDA simulation. The results described in Section 5 also indicate that the slope is stable
under the action of a magnitude 7 earthquake.

7. Conclusions

The Dabenliu quarry slope in the Jinping I Hydropower Station is a typical high-steep
bedding slope. We initially analyzed the failure modes of the slope. Then, the deformation
failure process of the slope after excavation and under earthquake action was simulated
using DDA, and the reinforcement design scheme was adjusted accordingly. Finally, our
simulation results were verified via a comparison with the monitoring data of the slope.
The main conclusions that can be drawn from the present study are as follows:

(1) After the slope is excavated, the middle and upper strata may slip along the
interlayers, while the lower part may slip and crack along the joints or small faults and then
gradually extrude outward. This is a typical buckling failure mode characterized by upper-
slipping followed with lower-buckling. This slope deformation failure process was vividly
simulated via DDA simulation. The deformation failure mechanism can be attributed
to two reasons: a special mechanical structure in rock strata and an angle relationship
favorable for deformation between the strata and the excavated slope.

(2) A method for setting a viscous boundary in the calculation of dynamic deformation
under seismic loading and an algorithm for modeling pre-stressed cable were developed.
The effect of reinforcing the slope under seismic loading was further discussed. Under
the action of a magnitude 8 earthquake, the anchored slope may be instable. Based on
the distribution of the simulated internal force of the anchor cables, the reinforcement
scheme was adjusted to strengthen the support of the middle and lower parts of the
slope and reduce the length and pre-stress of the anchor cables in the upper part. The
adjusted reinforcement scheme can maintain the stability of the slope under the action of a
magnitude 7 earthquake, but the slope may fail without evident collapse under the action
of a magnitude 8 earthquake.

(3) Through a comparison with the monitoring data of the surface, shallow deforma-
tion, and anchoring force, it was found that after excavation completion, the deformation
of the slope shows a tendency towards a convergence state under the support of the anchor
cables, and this is consistent with the results of the DDA simulation. Therefore, the Daben-
liu quarry slope is stable and safe. This study also proved that the proposed reinforcement
scheme is effective and that the DDA method is a powerful tool for simulating the complex
process of rock mass deformation failure under different loading conditions.
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