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Cataclastic rock masses with multiple failure modes and mechanisms are critical geological problems in the construction of rock
slopes. Cataclastic rock masses are widely distributed in slopes of a hydropower project located on Lancang River, which is located
in Tibet, China. In this study, the potentially unstable block of the slope is divided into key block and secondary key block based on
the key block theory, and the system reliability evaluation theory is introduced. +e method for quantitatively analyzing the rock
mass stability of cataclastic slopes with sliding failure is established. +en, the spatial distribution of cataclastic rock masses and
discontinuities in several rock slopes of a hydropower project are determined using traditional geological surveying and 3D laser
scanning. At last, combining the BATE 2.0 software and the stereographic projection of the vector, the proposedmethod is applied
to the study area.+e results show that the main failuremode of the studied slope is wedge failure, and the system reliability is 1.69.
With the increase in the instability probability of the key block, the increase in the instability probability of the system block is
obvious, which reflects the controlling effect of the key block on the stability of the system block. +e calculated system instability
probability is slightly larger than the key block instability probability.

1. Introduction

In recent years, rapid economic development has demanded
the construction of hydropower projects, highways, railways,
and mines. Large hydropower projects of China are mainly
distributed in southwestern China, scale and complexity of
the rock slopes in these projects are unprecedented, with
complex and changeable geological problems. Specifically,
the geological conditions are complex, the slope rock mass
always has poor stability, the engineering slope is high and
steep, the effects of slope engineering are complicated and
difficult to control, and the rigid standard of controlling
slope engineering safety results in a large economic in-
vestment with a long construction period.

+e main areas of research on high rock slopes mainly
include geological conditions, stability analysis methods,
control standards, reinforcement design, implementation
control, and their effects in different conditions [1–5].

Geological conditions are the basis of slope stability, which
include the stages of exploration, design, construction, and
operation. +e specific research contents include the char-
acteristics of the slope rock mass, physical and mechanical
properties, geological analysis, slope deformation and failure
modes, and geomechanical mechanisms [6]. Slope stability is
affected by numerous factors, such as geological conditions
and excavation methods. Rock slope stability assessments
are commonly performed by means of kinematical, ana-
lytical, and numerical analyses [7]. Since 1970, many rock
mass classification systems that consider many affecting
factors, such as the slope geometry, presence of water or
water pressures, weathering effects, and excavationmethods,
have been proposed or modified and applied in the quan-
titative stability prediction of rock engineering [8–14].

A large number of examples show that the joint is the
main factor controlling the mechanical response of a rock
mass under engineering loads. In mountainous regions
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affected by special climatic environments and topography,
cataclastic rockmasses formed under the combined effects of
freezing, thawing, unloading, and weathering. +e evalua-
tion of the stability of cataclastic rock masses is important in
rock slope stability assessment, as discontinuities always
have strongly random distributions in geometric and me-
chanical parameters. A stability probability calculation
method is proposed based on the research of geological
properties and the corresponding analysis. +en, the pro-
posed method is applied to practical engineering, and the
results show that the research has important engineering
value and theoretical significance.

2. Concept of a Cataclastic Rock Mass

A cataclastic rock mass in a hydropower slope was first
described byWu et al. [15], who noted that a cataclastic rock
mass has two meanings. First, the rock mass is fragmented,
and the spacings of the joints are generally smaller than
30 cm. Second, the rock mass is loose, i.e., the rock mass was
obviously loosened and expanded. In practical engineering,
loosely separated rock blocks are generally less than 1m and
some are 1-2m. In addition, it is noted that rock masses with
a joint spacing greater than 30 cm are classified as cataclastic
rock masses. In some particular zones, such as rock masses
with inlaid structures, fault fracture development, or strong
weathered zones, although the spacings of the joints are less
than 30 cm, the rock mass is closely packed; according to
these zones, the rockmass cannot be classified as a cataclastic
rock mass. Similarly, the unloading rock mass has a slack
phenomenon that cannot be classified as a cataclastic rock
mass (see Figure 1, modified after [16]).

3. Probability Analysis of the System Stability of
a Slope Rock Mass

+e key block theory was first proposed by Shi and
Goodman [10]. +is theory assumes that the block with the
joints of the rockmass is a plane, and the block of the joints is

a rigid body. +e geometry topology method is used to
analyze the different rock masses. +e type of block that may
be unstable on the excavation surface, combined with the
mechanical balance analysis of the rigid body. Key block
theory has become an important method to solve the
problem of discontinuous rock mass stability. +e stability
problem of cataclastic rock masses is a typical discontinuous
rock mass stability problem. It is feasible to use this theo-
retical analysis from a theoretical point of view.

According to the literature [17–20], in the block stability
reliability analysis, the resistance R and the load effect S of
the block are mainly considered, and the difference Q be-
tween R and S is defined as the safety margin of the block.
+en, the block probability of instability of the body can be
expressed as follows:

pf � p[Q< 0] � p[R − S< 0]. (1)

It is assumed that the resistance R and the load effect S of
the block satisfy the standard normal distribution and the
reliability index β of the defined block satisfies

β � Φ− 1 1 − pf , (2)

where Φ− 1(·) is the inverse function of the standard
normal distribution. Formulas (3)–(5) are the limit state
equations for block collapse, single-sided sliding, and
double-sided sliding, respectively. In the formula, the
block geometry parameters (dips of the jionts in the block
αi) and the joint mechanical parameters (friction factor fi
and cohesion ci) are selected as random variables for
reliability calculation. In the wedge failure mode, dips of
the joints in the block are (αi, αj), the friction factor is (fi,
fj), the cohesion is (ci, cj), and dip of the intersection edge
is δ, and the intersection angle is (ci, cj). It is assumed that
the inclination, friction factor, and cohesion of the joints
are subject to a standard normal distribution or a log-
normal distribution.

g αi, fi, ci(  � Wi − ciAi, (3)

g αi, fi, ci(  � Wi cos αi · fi − ciAi − Wi sin αi, (4)

g δ, ci, cj, fi, ci, fj, cj  � W sin δ − W cos δ ·
sin ci

sin ci + cj 
· fi − W cos δ ·

sin ci

sin ci + cj 
· fi − ciAi − cjAj. (5)

Based on the research results of reference [17] on the
stability of the surrounding rock of underground cav-
erns, a cataclastic rock mass should be considered
according to the “system-local” mode and the key block
theory is normally used. Based on the consideration of
analytical ideas, the research focuses on the reliability of

key andblockandsecondary key block systems. In the
two-dimensional space plane, the reliability calculation
method of key blocks is detailed in reference [14, 19].

As shown in Figure 2, e is a key block, and d is a possible
unstable block and a secondary key block, and its instability
directly affects the stability of the entire rock block.
According to the conditional probability theory and the
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calculated key block reliability, the reliability calculation
formula of the secondary key block can be expressed as
follows:

β2 � Φ− 1
[1 − P(B|A)] � Φ− 1 1 −

P(AB)

P(A)
  � Φ− 1 1 −

P(AB)

1 −Φ β1( 
  � Φ− 1 1 −

1 −Φ β1′( 

1 −Φ β1( 
 . (6)

In Figure 3, combined with the conditional probability
analysis theory, the series system failure probability evalu-
ation formula (7) is introduced, and the reliability index βi of

each block is obtained step by step and substituted into
formula (7). +e instability probability of the system can be
determined. Finally, the system reliability index is obtained
as shown in formula (8).
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βs � Φ− 1 1 − ps( . (8)

4. Application

4.1. Engineering Situation. +e proposed project is a power
station planned in the Lancang River in Tibet, China. Slope
stability is one of the key engineering problems in the
construction of the project. +e maximum height of the
excavation slope is 665m, and the permanent slope above
the dam is 350m. +e geological environment is complex
and mainly manifests as joint development, strong weath-
ering, and unloading. +e problem of the stability of a
cataclastic rock mass is a key problem in the engineering of
geological and rock mechanics. +e traditional geological

survey has the defects of large workload and high risk, its
spatial distribution is mainly obtained through the inter-
pretation of the results of a three-dimensional laser scanner,
and a total number of 21 scans are distributed on the left and
right banks (see Figure 4). In this paper, SL24, with the
largest distribution area, is selected for research. +e frag-
mented rock mass of SL24 is located on the right bank of the
dam axis with an elevation of 2830–3270m, an area of
approximately 122,300m2, a thickness of 30–50m, and a
volume of approximately 30,580,000m3. +e angle of the
natural slope is 35°–60°. +ere is a set of joints with obvious
toppling deformation. According to the degree of dumping
deformation, this area can be divided into three zones. +e
first zone is the fall-over accumulation zone, and only the
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Figure 1: Typical loose and cataclastic rock mass and its relationship with slope.
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slope table is scattered; the bulk structure and the block
diameter are more than 20 cm.+e second zone is the strong
dumping zone; the thickness is approximately 3–40m, and
the loose-fragmented structure and the block diameter can
be seen in the slice joint and are often caused by excavation
disturbance or heavy rainfall. +e third zone is a weak
dumping zone with partial sliding; the thickness is ap-
proximately 3–38m, and the cut joints developed inter-
mittently. Under the current conditions, the rock mass is
stable. Due to engineering construction and excavation
disturbance, stability research is particularly important.

4.2. Geometric Distribution Characteristics of the Joint.
+e selection of the physical and mechanical parameters
of the joints is the key factor for evaluating the accuracy of
the block stability. +e geometric parameters involved in
this paper include dip, dip direction, trace length, and
spacing. +ese parameters are mainly obtained by the
statistical window method according to the traditional
geological survey. Because the number of samples is
limited, in this paper, we simulated the typical slope rock
mass structure using the Monte-Carlo model combined
with the results obtained from the statistical window. In
the study area, V-level joints mainly developed, which can
be divided into three groups, and the number of samples is
36, 30, and 26. +e dip direction/dip of each group is as

follows: N60°-82°W/SW∠43°-70°; N45°-74°E/NW∠63°-85°;
and N55°-72°W/NE∠50°-71° (see Figure 5). On the basis of
the joint classification, statistical analysis was carried out
on the probability distribution forms of the geometrical
elements of each group of joints (Figures 6 and 7, modified
after [21])

It can be seen from Figures 6 and 7 that the dips of the
joints of each group basically obey the normal distribution,
the dip directions are close to the normal distribution, and
the trace length and spacing basically obey the negative
exponential distribution. +e distribution characteristics of
the main joints used for the calculations were surveyed and
analyzed as shown in Table 1.

Based on the Monte-Carlo method, with the statis-
tical parameters of the joints listed in Table 1, the plane
section, cross-section, and longitudinal section of the
measured joints with the same geometric parameters and
distribution forms are generated according to a three-
dimensional network diagram of the direction (Figure 8).
Joint network simulation results can lay the foundation
for subsequent key block search and block reliability.

4.3. Joint Mechanical Parameters. +e shear strength pa-
rameters (c and φ) of rockmass joints are generally determined
by indoor direct shearing, large-scale shear tests on the surface
of the joints, engineering analogies, estimation methods, and
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Figure 2: Schematic diagram of rock mass classification of the slope.
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expert experience. In hydropower projects, with reference to
the relevant specifications, the value is generally based on field
tests and the geological conditions of the test site, compre-
hensively determining the geological recommendations. In the
project area, 16 groups of large-scale structural shear tests were
carried out, and the test pieces were all 2500 cm2. Following
literature [16], the test pieces included 7 groups of hard joints, 2
groups of rock fragments, and 7 sets of cuttings. According to
the statistical analysis, the peak shear strengths of joints with
hard cementation are f=0.64–0.85 and c=0.21–0.31MPa, and
the peak shear strengths of the rock block type weak joints are

f=0.61–0.71 and c=0.16–0.25MPa. +e shear strength peak
strengths of the mud-type weak joints are f=0.43–0.58 and
c=0.08–0.18.

Due to the lack of extensive experimentation, refer to the
relevant provisions of Appendix D of the Hydroelectric
Power Engineering Geological Survey Specification
(GB50287-2016) for the shear strength of joints. +e hard
joint is based on the average of the small peak intensity
values. +e weak joint is taken as the small average value of
the yield strength, and the standard value of the shear
strength of the joints and the probability distribution

Figure 4: Schematic diagram of the distribution of loose rock masses on the slope (the result of 3D laser scanner interpretation, modified
after [16]).
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characteristics are shown in Table 2. +e mechanical pa-
rameters of the joints conform to a normal distribution.

4.4. Analysis of Key Block and System Reliability. +e key
block analysis used in this paper is based on the stereo-
graphic projection of vector theory and uses the block theory
analysis software BATE 2.0 compiled by Zhang [19]. +e

joint distribution and mechanical parameter data are shown
in Sections 4.2 and 4.3. In addition, the average gravity of the
rockmass is 26.30 kN/m3. BATE 2.0 includes a stereographic
projection of the vector module. Actually, the joint input in
the software and the stereographic projection of the vector
shown in Figure 9 can be obtained. In the figure, according
to the definition, “0” represents the upper surface of the
joints participating in the combination to form the rock
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Figure 6: Statistical histogram of the dip direction/dip distribution of joints with grade III.
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Figure 7: Statistical histogram of the dip direction/dip distribution of joints with grade IV.

Table 1: Distribution characteristics of joints in the study area (SL24).

Set
Dip direction (°) Dip (°) Trace length (m) Spacing (m)

Form Average
value

Standard
error Form Average

value
Standard
error Form Average

value
Standard
error

Average
value

Standard
error

1 Normal 205.11 5.40 Normal 68.96 0.85 Exponential 4.80 0.21 0.55 0.08
2 Normal 327.56 3.34 Normal 64.22 5.12 Exponential 3.02 0.14 0.43 0.06
3 Normal 78.22 8.06 Normal 38.76 5.20 Exponential 6.41 0.29 0.43 0.05
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mass, “1” represents the lower surface of the structure
participating in the combined formation of the rock mass,
and the numerical representation is below the block number.
+e block slides along the corresponding joints, including
single-sided slip and wedge-shaped damage.

Further analysis of these blocks using BATE 2.0 (Table 3)
shows that three blocks numbered 100, 011, and 110 are key
blocks, and other blocks are movable blocks or infinite

blocks. +e slope failure mode mainly slides on both sides,
that is, the wedge body mainly slides, and the part is single-
sided sliding; the support force is not analyzed here. +e key
block reliability evaluation method discussed in Section 3
should first determine the instability mode of the key block.
+is judgment is simple when the specific position and the
surrounding structure face are known to be cut. Entering
respective limit state equations, and then the corresponding

(a) (b) (c)

Figure 8: 3D joint network simulation results. (a) Longitudinal sectional view. (b) Cross-sectional view. (c) Horizon-slice view.
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Figure 9: Analysis of the full-space projection of the joints in the study area.

Table 2: Characteristics of the shear strength and probability distribution of joints.

Structural type
Joints shear strength

f c′ (MPa)
Range Average value Standard deviation Range value Average value Standard deviation

Cemented 0.80–0.60 0.68 0.008 0.250–0.100 0.17 0.012
Non-filled 0.70–0.45 0.59 0.012 0.150–0.050 0.12 0.009
Filled with rock and debris 0.55–0.45 0.50 0.010 0.200–0.100 0.16 0.009
Filled with debris and mud 0.45–0.35 0.41 0.008 0.100–0.050 0.09 0.006
Filled with mud and debris 0.35–0.25 0.33 0.008 0.050–0.010 0.035 0.004
Filled with mud 0.25–0.18 0.21 0.009 0.010–0.002 0.009 0.002
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reliability calculation method can be used to evaluate their
reliability, and results are shown in Table 3.

Using the reliability relationship between the key block
and the secondary key block, the reliability value of the
secondary key block and the corresponding step-by-step
recursion can be easily calculated.When the calculated block
instability probability is less than 0.0005%, the calculation is
stopped, and the calculation result is shown in Table 4.

5. Conclusions

Cataclastic rock mass stability problem is one of the main
engineering geological problems faced by high-slope con-
struction in alpine areas. +e unique geological structure of
these areas determines the discontinuous characteristics,
and stability analysis of such an area needs to systematically
consider the rock mass structure. Main conclusions are
shown as follows:

(1) Based on the key block theory, the potential un-
stable block of the slope is divided into key blocks
and secondary key blocks, and the system reli-
ability evaluation method is introduced into the
evaluation of cataclastic rock mass stability. +e
method provides an effective and reasonable
quantitative evaluation method for the stability
analysis of this type of rock slope. A main dis-
advantage is that the toppling failure mode has not
been considered in this method.

(2) With the increase in the probability value of the
key block instability, the increase in the instability
probability of the system block is obviously larger,
which reflects the controlling effect of the key
block on the stability of the system block. +e
calculated system instability probability is slightly
larger than the key block instability probability. In
the traditional key block theory, only analyzing the
key block instability probability is considered to be
risk-taking.

(3) A total of 21 cataclastic rockmasses are distributed in
the study area. +e distribution of cataclastic rock
masses and joints is mainly carried out by traditional
geological surveys and supplemented by 3D laser

scanning. +e proposed stability analysis method
and analysis results show that the main failure mode
in the study area is wedge-shaped damage, and the
system reliability is 1.69.
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