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Determining the critical slip surface of a fractured rock slope remains a major challenge. This
study proposes a new method to determine the critical slip surface of fractured rock slope by
comprehensively considering fracture characteristics. First, 2D fracture network of main
sliding surface is simulated according to the characteristics of fractures on exposed rock
surface. Then, potential slip surfaces between different entry and exit points on the main
sliding surface are searched by Floyd algorithm. Finally, persistence, i.e. the percentage of
total fracture length to the length of potential slip surface, is applied to evaluate the final

critical slip surface. According to the above method, the final critical slip surface of a case
study was determined, which show that the coordinates of the entry and exit points of the
critical slip surface for the fractured rock slope are (62, 86 m) and (14, 30 m), respectively,
with the persistence of 85.27 %.

1. INTRODUCTION

The critical slip surface of a fractured rock slope is mostly
controlled by the fractures developed in rock masses [1, 2].
Due to its anisotropy and limitations of measurement, hidden
within the rock mass, very little is known about true fractures
[3]. Thus, it remains a difficult challenge to determine the
critical slip surface of a fractured rock slope.

Presently, researches on critical slip surface of a fractured
rock slope are performed using mathematical programming
methods and intelligent search algorithms, such as genetic
algorithm, colony algorithm, and particle swarm optimization
[4-8]. Besides, safety factor with the smallest value is often
used as the representative of evaluating critical slip surface.
Although many researchers have obtained good results by
applying these methods, the following problems remain
challenges: (1) these methods usually ignore the presence of
fractures or regard fractures as through-going fully persistent
planes; (2) it is necessary to obtain the strength parameters (i.e.,
cohesion and friction angle) of intact rock and fractures for
calculating safety factor, which may be not easy to test when
the experimental conditions are limited.

In fact, fractures in nature have finite sizes and orientations;
therefore, they are often non-persistent. The rational critical
slip surface determination should comprehensively consider
fractures with finite sizes. Some researchers [9-11] have
studied critical slip surfaces by comprehensively considering
non-persistent fractures. They tracked slip surfaces at all
possible exit points and locate the critical slip surface using
intelligent search algorithms. Although these studies
attempted to determine critical slip surface, they are
inadequate and require further research. Besides, a method of
evaluating critical slip surface quickly and accurately when
strength parameters are unknown is needed to be
recommended.

In the present study, a new method for determining the
critical slip surface of fractured rock slope is introduced,
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which comprehensively considers the location, size, and
orientation of each fracture, and regards persistence as index
to evaluate the final critical surface.

2. METHODOLOGIES
2.1 Discrete fracture network modeling

A 2D analysis is performed to determine the critical slip
surface of fractured rock slope. Before starting the analysis,
the fractures on the main sliding surface should be investigated.
However, in practice, the fractures on the main sliding surface
is usually difficult to investigate. Therefore, it is necessary to
simulate and generate the fractures on the main sliding surface
on the basis of the fractures on exposed rock surface. The
detailed procedures are as follows (Figure 1):
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Figure 1. Diagram of discrete fracture network modeling on
main sliding surface

2.1.1 3D fracture network modeling

3D fracture network modeling is the most effective method
to describe the fractures developed in rock mass, which has
become increasingly complete and rigorous for nearly half a
century [12, 13]. 3D fracture network can be generated by
Monte Carlo simulation, which fits the probability distribution



of fracture location, orientation, fracture size, and density on
the basis of fractures measured in the field.

The main procedures of 3D fracture network modeling in
fractured rock slope are as follows: (1) simulation of fracture
location. Generally, the positions of fractures are assumed
uniformly random. The simulated fracture locations in 3D
space are generated using the Poisson process; (2) simulation
of fracture orientation [14-16]. Fractures can be grouped
according to statistical homogeneity, and then the average
orientation of each group can be determined. Fracture
orientation usually obeys Fisher distribution, Bingham
distribution, bivariate normal distribution and empirical
distribution; (3) simulation of fracture size [17-19]. Up to now,
there is no unified conclusion about the shape of the fracture,
so it is often assumed that the shape of the fracture is a disk, a
polygon, etc. In order to simplify the modeling procedure, the
fracture shape is often assumed to be a disk in engineering
practice. Assuming that the fracture shape is a disk, the
fracture size is characterized by the diameter. Fracture
diameter generally obeys normal distribution, lognormal
distribution and gamma distribution; (4) determination of
fracture density [20-21]. Normal spacing can be obtained by
scanline method. Then the volume fracture density can be
calculated on the basis of normal spacing using the method
proposed by Oda [21]; (5) Monte Carlo simulation [13, 22].
Using Monte Carlo simulation to combine the above
parameters, 3D fracture network with similar statistical
characteristics to the fractures in the field can be generated.

2.1.2 Generation of fractures on main sliding surface

Assuming that the fracture shape is a disk, the parameters
determining the fracture are the center coordinates, diameter,
dip direction, and dip angle. The analytical expression of the
fracture can be established by these parameters. If the main
sliding surface is truncated with the fractures in the 3D fracture
network, the fracture trace on the main sliding surface can be
determined by the following formula:

A(x_xc)+B(y_yc)+C(Z_Zc) =0

where, D is diameter, (x., V., zc) is the center coordinates, 6 is
the direction of the slope outcrop, and (xo, yo) is the coordinate
of any point of the main sliding surface in the 3D fracture
network. [4, B, C] is the unit normal vector of the fracture,
which can be specifically expressed as [sinffcosa, sinasinf,
cosf], where « is the dip direction of the fracture and f is the
dip angle of the fracture.

2.2 Floyd algorithm for determining potential slip surface

The potential slip surface mainly extends along pre-existing
fractures [1,23]. The more fractures the slip surface passes
through, the smaller the shear strength is. When the entry and
exit points of a slip surface are fixed, a small total length of
the slip surface results in long fractures passed by the slip
surface. Thus, when the slip surface is the shortest, the slip
surface passes the fractures to the utmost extent, and the shear
strength is the smallest [2]. On the basis of this analysis, the
potential slip surface of the fractured rock slope extends along
the shortest path when the entry and exit points are designated.
There are many methods to search the shortest path. Floyd
algorithm is easy to understand, and can calculate the shortest
distance between any two points. Therefore, Floyd algorithm
is used to search the shortest path (i.e., the potential slip
surface). Floyd algorithm is introduced as follows [24]:

Two matrices (named D and P, respectively) are needed
when calculating the shortest path between points by Floyd
algorithm. The element d[i][j] in D represents the distance
between point i and point j, the element p[i][j] in P represents
the point passing between point i and point j. Assuming that
there are N points. Initially, d[7][/] in D is the weight of point
i to point j; if 7 and j are not adjacent, then d[7][j]=<°, and the
value of P is j of element p[][/]. Next, D is updated N times.
In the first update, if d[][j] > d[£][0] + d[O][/] (d[][0] + d[O][/]
denotes the distance between i and j through the first point),
then update d[#][/] to d[][0] + d[O][/], update p[i][;] = p[][0].
Similarly, if d[][j] > d[i][k-1] + d[&-1][/], the update d[{][/] is
d[i][k-1] + d[&-1][/]1, p[Z1l[/]] = p[il[k-1]. After N updates, the
algorithm is completed, and the shortest path of any two points

x=x)+ @ -y)+(z—2)%< DTZ (1) can be obtained by combining D and P.
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Figure 2. Example of the search process for the shortest path from a to d using Floyd algorithm

Taking the points shown in Figure. 2 as an example, Floyd
algorithm is used to calculate the shortest path between point
a and point d. By updating D and P, the shortest path between
a and d is a—c¢—d, and the shortest distance is 3 + 1 =4.
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Floyd algorithm is used in searching the shortest path based
on points. However, the fractures on the main sliding surface
are straight lines. Therefore, the fractures on the main sliding
surface should be initially discretized into several points to



execute the searching process. It is noteworthy that many
points increase the accuracy of the result of the shortest path
but complicate calculations. In addition, in the actual
searching process, the entry and exit points of potential slip
surface need to be designated beforehand.

2.3 Persistence for evaluating critical slip surface

Fractured rock slope often contains fractures and intact
rocks. The shear strength of fractures is one to two orders of
magnitude less than that of intact rocks [25-28]. Thus, the
characteristics of fractures play an important role in the failure
of rock slope. Among these characteristics, persistence, which
is known as the areal extent or size of fractures within a rock
mass [29], has been recognized as one of the most important
parameters that affect the stability in rock slope.

ISRM quantified the persistence as the percentage of the
fracture size to a reference size: either the percentage of the
sum of the individual fracture areas to the area of a coplanar
reference fracture plane; or the percentage of the sum of the
trace length to the length of a collinear scanline. This study
uses the later concept, that is, defined persistence as the
percentage of the sum of the trace length Ifi to the length of
potential slip surface L.

Researches [30-31] have shown that the greater the
persistence is, the lower the shear strength of potential slip
surface is, which means that the rock slope is more vulnerable

to damage. According to this principle, the potential slip
surface with the maximum persistence can be regarded as the
critical slip surface.

3. CASE STUDY

Taking one fractured rock slope as a case study to determine
the critical slip surface by the above methodologies. The
fractured rock slope is steep terrain, with elevations ranging
from 1359 m to 1481 m. The average orientation of the rock
slope surface is 30°2£65°. The dominant rock mass in this slope
is diorite composed of white plagioclase and dark amphibole.
In addition, due to the long-term influence of geological
tectonic movement, the structure of the rock slope is
fragmented and fractures are well developed.

Digital close range photogrammetry was used to collect
fractures on slope outcrop. The fracture parameters, such as
starting point coordinate, terminal point coordinate, dip
direction, and dip angle were recorded. Finally, a total of 420
fractures were collected. By using the dynamic clustering
method, those fractures were divided into three dominant
groups with average orientation of 150°280°, 89°£31° and
339°2£42°. Accordingly, the probability distribution of fracture
parameters of each group was determined, as detailed in Table
1.

Table 1. Fracture parameters of each group

Fracture Average orientation Trace length
Number | Dip direction Dip angle Distribution Mean Variance Distribution Density (m~)
group o o
©) ©) type (m) (m) type
1 176 150 80 Empirical 4.7 12.8 Lognormal 0.0275
2 64 89 31 Empirical 5.6 16.3 Lognormal 0.0110
3 180 339 42 Empirical 4.4 23.6 Lognormal 0.0285

3D fracture network modeling was used to simulate the
fractures in the rock slope. Finally, a model with a size of 110
m (X axis) x 170 m (Y axis) x 90 m (Z axis) was generated,
and its visualization model is shown in Figure 3. Field
investigation shows that the average orientation of the main
sliding surface is 30°£65°. We selected the main sliding
surface through the center of the 3D fracture network model,
then, fractures on main sliding surface can be generated by Eq.
(1). Fractures on the main sliding surface are shown in Figure
4.
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Figure 3. Visualizations of the 3D fracture network model
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Figure 4. Fractures on the main sliding surface

In this study, each fracture trace was uniformly discretized
into six points to ensure the search accuracy and reduce the
computational complexity. Then, the candidate entry and exit
points for locating the potential slip surfaces were set as (xo,
86 m) and (ho/tan65°, ho), respectively. A spacing of 1 m
between the adjacent candidate points was set. Finally, 50
different candidate entry points (xo =61 m, 62 m,..., 110 m)
and 50 different candidate exit points (4p=1 m, 2 m,..., 50 m)
were set. A combination of the two series of data results in
2500 sets of entry and exit points, and 2500 potential slip
surfaces were found by Floyd algorithm. At the same time, the
length of potential slip surface and the total length of fractures



were counted, and the corresponding persistence
calculated. The statistical results are shown in Figure 5.
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Figure 5. Persistence results of 2500 potential slip surfaces
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Figure 6. Final critical slip surface

Statistical results show that the maximum persistence was
85.27 %, and the corresponding potential slip surface is the
critical slip surface. Thus, the coordinates of the entry and exit
points of the critical slip surface are (62, 86 m) and (14, 30 m),
respectively, and the critical slip surface is shown in Figure 6.

4. CONCLUSIONS

According to the method proposed in this study, the critical
slip surface of a case study was determined, and the following
findings can be drawn.

1) The fractures on the main sliding surface should be
generated before conducting the 2D slope analysis. The
characteristics (e.g., orientation, size, and density) of the
fractures on the main sliding surface are related to those
measured on the exposed rock faces. Thus, the fractures on the
main sliding surface can be generated through the procedures
described in Section 2.1.

2) The potential slip surfaces of the fractured rock slope
extend along the shortest path when the entry and exit points
are designated. Floyd algorithm can be used to calculate the
shortest path between any two points, thereby it can be applied
to determine the potential slip surfaces of the fractured rock
slope.

3) Different entry and exit points result in different potential
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slip surfaces. Persistence, i.e. the percentage of total fracture
length to the length of potential slip surface, can be used as an
index to evaluate the critical slip surface. The coordinates of
the entry and exit points of the critical slip surface for the case
study are (62, 86 m) and (14, 30 m), respectively, with the
persistence of 85.27 %.
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