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Abstract: A rock slope can be characterized by tens of persistent discontinuities. A slope can be
massive. The slip surface of the slope is usually easier to expand along with the discontinuities
because the shear strength of the discontinuities is substantially lower than that of the rock blocks.
Based on this idea, this paper takes a jointed rock slope in Hengqin Island, Zhuhai as an example, and
establishes a three-dimensional (3D) model of the studied slope by digital close-range photogramme-
try to rapidly interpret 222 fracture parameters. Meanwhile, a new Floyd algorithm for finding the
shortest path is developed to realize the critical slip surface identification of the studied slope. Within
the 3D fracture network model created using the Monte Carlo method, a sequence of cross-sections is
placed. These cross-sections containing fractures are used to search for the shortest paths between
the designated shear entrances and exits. For anyone combination of entry point and exit point, the
shortest paths corresponding to different cross-sections are different and cluttered. For the sake of
safety and convenience, these shortest paths are simplified as a circular arc that is regarded as a
potential slip surface. The fracture frequency is used to determine the probability of sliding along
a prospective critical slip surface. The potential slip surface through the entrance point (0, 80) and
exit point (120, 0) is identified as the final critical slip surface of the slope due to the maximum
fracture frequency.

Keywords: rock slope; digital close-range photogrammetry; critical slip surface; Floyd algorithm;
fracture network

1. Introduction

Slope instability will destroy buildings, block roads, and seriously threaten human
life and property safety [1–3]. Therefore, slope stability analysis is an important part of
geological engineering and geotechnical engineering research to prevent slope destruction.
Slope stability analysis relies heavily on identifying the crucial slip surface and calculating
the safety factor [4–6]. However, only the critical slip surface can be accurately determined,
upon which the calculation of the safety factor is valid. As a result, the fundamental
challenge in slope stability analysis is determining the critical slip surface.

Critical slip surface studies on soil slopes are more mature, and the slip surface is
typically viewed as circular [7]. Some mathematical programming methods and intelligent
algorithms, such as the artificial fish swarms algorithm, the ant colony algorithm, genetic
algorithms, the imperialistic competitive algorithm, and the black hole algorithm, have
been used in recent years to locate the crucial slip surface [8–12]. Although these methods
produce good results in identifying the critical slip surface of a soil slope, they cannot be
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directly applied to identifying the critical slip surface created by fracture propagation on a
rock slope [13].

For rock slopes, the studies of critical slip surfaces are relatively rare, and the slip
surface is ordinarily linear or folds linear that is composed of multiple fractures [14]. Ein-
stein et al. suggested the effect of fracture persistence on rock slope stability and developed
a method for connecting slope stability and hence persistence to fracture geometry and
spatial variability [15]. Zhu et al. established a method for calculating the critical slip sur-
face of a rock slope according to the limit equilibrium method and optimization theory [16].
However, this method only considers the fractures when tracking the exit points of the
slip surface. In addition, due to the complexity of the rock mass structure, the influence of
the dip angle discontinuity on slope stability cannot be fully considered by this method.
Zhang et al. proposed a method for determining the slip surface based on the frequency of
the fracture orientation [17]. In this study, the stochastic dynamics method is improved,
but because only the orientation of fracture is considered, the influence of parameters such
as the trace length is not analyzed. Therefore, this method can determine the orientation
of the slip surface, however not the specific location of the slip surface. This method is
only suitable for determining the critical slip surface of fractured rock mass with a similar
trace length. Zheng et al. proposed a new stress-based search technique for obtaining the
critical slip surface and safety factor directly [18]. This method combines the numerical
manifold method and graph theory, reduces the iterative computation, and eliminates the
rigid body assumption in the limit equilibrium method. Although this method can consider
the influence of parallel regular fractures, it is not consistent with the random distribution
of fractures in the field. Liu et al. [19] proposed a new method to determine the safety factor
and the corresponding critical slip surface of a seismic excited substratum rock slope. The
method combines shear strength reduction technology and 2D discrete element program
UDEC, which is not affected by subjective factors and can directly obtain results. However,
only layered rock slopes are considered in this study, and other types of rock slopes are
not involved. Xu et al. established a new model to search the critical slip surface according
to the genetic algorithm [20]. However, this study indirectly considers the effect of the
fractures on slope stability from the perspective of the stress field.

The slip surface of a rock slope with a complex structure is formed by the extension and
connection of preexisting discontinuities. To put it another way, determining the crucial slip
surface should take into account all of the pre-existing fracture data, including its position,
orientation, and size. As a result, a method for finding arbitrarily shaped slip surfaces
that are suited for rock slopes is required. In this paper, close-range photogrammetry
technology is used to quickly obtain random discontinuities of rock slopes to establish the
fracture network model, and the Floyd algorithm is used to find the critical slip surface of a
complicated rock slope.

2. Materials and Methods
2.1. Study Area

The Nanshanju slope on Hengqin Island is used to determine the critical slip surface in
this study. The Hengqin Island is suited in the southeast of Zhuhai, Guangdong Province,
China, and is adjacent to Macao, China (Figure 1).

The Hengqin Island has two mountains, which are named the Small Hengqin Moun-
tain and the Large Hengqin Mountain, respectively. Due to artificial quarrying, the Nan-
shanju slope has formed in the east of the Small Hengqin Mountain. The Nanshanju
slope is more than 600 m long and nearly 80 m high. The dip direction of the slope is
approximately 87◦.

The Nanshanju slope is classified into five zones based on differences in slope surface
orientation: slope 1, slope 2, slope 3, slope 4, and slope 5. Slope 1 is randomly selected as
the paper’s principal study object (Figure 2). According to the field investigation, slope 1
has the highest height, the largest slope area, and the steepest slope, and is more prone to
sliding and failure. It is a more typical slope for study.
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Figure 2. Three-dimensional model of the Nanshanju slope.

The dip direction of slope 1 is 139◦. The excavation marks of the slope surface are
remarkable. The main lithology of the slope body consists of medium-coarse granite from
the Yanshan period. The fresh surface is flesh red and the weathered surface is light grey to
dark grey (Figure 3).

The weathering degree of the slope is quite different and is mainly weak to strong.
The large number of developed discontinuities reduces the mechanical properties of the
rock mass. Dangerous rock bodies are visible on the slope surface. It is urgent to collect a
large number of random discontinuities for slope stability analysis.

2.2. Collecting Discontinuity by Digital Close-Range Photogrammetry

As the slope in the study area is very high and steep, only the discontinuity at the
bottom of the slope can be measured manually, so the digital close-range photogrammetry
technology is used to obtain the whole slope discontinuity.
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slope; (b) Fracture development; (c) Dangerous block.

The first step of close-range photogrammetry is a hierarchical control measurement.
The GPS-RTK technique is used in the first-level ground control measurement to acquire the
3D coordinates of ground control points in the chosen coordinate system. Then stable rock
blocks are selected or concrete stakes are made with paint spraying as ground control point
markers in open view as far as possible. It is also important to ensure that the control points
are in view of each other to facilitate the implementation of the slope control measurement.

Based on the results of the first-level control measurement, the secondary slope control
measurement uses the spatial polar coordinate measurement method to obtain the 3D
coordinates of the slope control points under the specified coordinate system through the
prism-free mode of a total station. Distinctive color spot corner points on the rock as slope
control point markers are selected. The position of the edge of the rock mass should not be
chosen to avoid errors caused by the laser reflections of the total station.

After the control measurement, the slope is photographed next. Usually, a non-metric
camera that has been calibrated is used to take stereo images of the slope by means of
orthographic photography (Figure 4). The photography baseline should be set up parallel
to the slope strike, and the length of the photography baseline should be 1/5~1/10 of the
photograph distance. At the same time, the camera’s main optical axis should be parallel
to each other and perpendicular to the photographic baseline when photographing twice.
The image overlap of the image pair is greater than 80%, and at least 6 slope control points
are included on each image.

Image correction is required after digital photography. Then, the relationship between
image point coordinates and object space coordinates is established by the mathematical
model of close-range photogrammetry—direct linear transformation algorithm [21]: x− x0 + ∆x + l1X+l2Y+l3Z+l4

l9X+l10Z+l11+1 = 0

y− y0 + ∆y + l5X+l6Y+l7Z+l8
l9X+l10Z+l11+1 = 0

(1)

where li (i = 1, 2, ..., 11) is the direct linear transformation coefficient; (x0, y0) is the image
principal point coordinates; and ∆x and ∆y are the nonlinear correction numbers of the
image point coordinates, which can be expressed as:
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{
∆x = (x− x0)(K1r2 + K2r4) + P1[r2 + 2(x− x0)

2] + 2P2(x− x0)(y− y0)

∆y = (y− y0)(K1r2 + K2r4) + P1[r2 + 2(y− y0)
2] + 2P2(x− x0)(y− y0)

(2)

where K1, K2 are radial aberration coefficients; P1, P2 are tangential aberration coefficients;
and r is the image point vectorial diameter, which can be expressed as:

r =
√
(x− x0)

2 + (y− y0)
2. (3)

VirtuoZo is a highly intelligent digital photogrammetry system that can quickly orient
digital images and generate 3D models. This paper uses a VirtuoZo system to identify
fractures and measure the feature points. The Canon 5D II digital camera is used in this
study, so it is necessary to set the image type as a non-metric camera during operation.
After obtaining the 3D model of the studied slope, the trace length and orientation of the
fracture can be interpreted by measuring some feature points.
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In this paper, the longest line segment in the visible range of the fracture is defined as
the trace length of the fracture. Therefore, the trace endpoint coordinates can be measured
directly on the 3D model, and the trace length d can be solved by Formula (4):

d =

√
(x1 − x2)

2 + (y1 − y2)
2 + (z1 − z2)

2. (4)

In this paper, the dip direction and dip angle are used to represent the orientation of a
fracture. Suppose the equation of a fracture is Z = Ax + By + C, and its normal vector is t
(−A, −B, 1). n (n ≥ 3) feature points are measured on the fracture, then A, B, and C can be
solved by the least square method:

 A
B
C

 =




X1 Y1 1
X2 Y2 1
...

...
...

Xn Yn 1


T 

X1 Y1 1
X2 Y2 1
...

...
...

Xn Yn 1



−1

X1 Y1 1
X2 Y2 1
...

...
...

Xn Yn 1


T

Z1
Z2
...

Zn

. (5)

Then the dip direction β and dip angle α can be obtained:
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When A = 0: 
α = |arctan(B)|

β =


π/2, B < 0

3π/2, B > 0

∀, B = 0

(6)

When A 6= 0: 
α =

∣∣∣arctan(
√

A2 + B2)
∣∣∣

β =


arctan(B/A), A < 0, B ≤ 0

arctan(B/A) + 2π, A < 0, B > 0

arctan(B/A) + π, A > 0

. (7)

During operation, the area enclosed by feature points should be as large as possible
to ensure that the polygon enclosed by feature points can represent the whole fracture. If
three feature points are selected, the interior angles should be uniform, not less than 30◦ or
not more than 150◦.

By digital close-range photogrammetry, 222 fractures are collected from the surface of
slope 1. By comparing with the field measurement of discontinuity orientation, the average
error of dip direction and dip angle obtained by digital close-range photogrammetry
interpretation is 3◦ and 2◦, respectively, which meets the requirement of accuracy. These
fractures are used to establish the discrete fracture model.

2.3. Fracture Generation in the Cross-Section of the Slope

To analyze the critical slip surface of slope 1 in the 2D plane, fractures in the cross-
section perpendicular to the slope surface need to be generated. First, the fracture informa-
tion obtained from the slope surface is used to create a 3D fracture network model. Second,
the 3D fracture network model is used to extract fracture information in the cross-section.
The specific steps are as follows [22].

2.3.1. Analysis of Fracture Orientation

Based on the fracture orientation data, an improved fuzzy C-means (FCM) method
introduced by Song et al. [23] and is utilized to identify the fracture sets. Rock masses are
characterized by three discontinuity sets, as shown in Figure 5.
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Subsequently, the weighting function Wi proposed by Kulatilake & Wu [24] is used
to correct the orientation bias for each fracture set. In a rectangular sampling window of
width w and height h, Wi is defined as:

Wi =

[
(cos2 θi sin2 βi + cos2 βi)

0.5
+

πdi
4h

cos βi sin θi +
πdi
4w

cos θi

]
−1 (8)

where θi and di indicate the dip angle and the diameter of the ith fracture, respectively.
The angle between the window plane’s strike and the dip direction of the ith fracture is
represented by βi.

In addition, the clustering degree for the fracture set is determined by calculating the
Fisher constant. The following formula can be used to compute the Fisher constant [25]:

K =
M

M−
M
∑

i=1
|ri|

(9)

where K expresses the Fisher constant. ri indicates the unit normal vector for the ith fracture.
M represents the fracture number. The Fisher constant for each fracture set is shown in
Table 1.

Table 1. The parameters of fractures used to generate the 3D network model.

Fracture
Set

Fracture
Number

Trace Length Fracture Diameter
Density
(m−3) K

Mean (m) Std. (m) Distribution
Type Mean (m) Std. (m) Distribution

Type

1 99 12.97 14.87 Gamma 16.98 4.73 Gamma 0.000544 12.97
2 77 3.56 5.02 Gamma 5.52 1.33 Gamma 0.001035 13.78
3 46 6.05 7.75 Gamma 7.58 2.94 Gamma 0.000422 5.51

2.3.2. Determination of Trace Length, Diameter, and Density

The observed trace lengths are shorter than the true trace lengths due to the sample
window’s limitations. The mean of the observed trace lengths is corrected using the method
suggested by Zhang et al. [26]:

µm =
Cmwh

∑m
1 li
∫ 90

0 sin αig(αi)dαi − Cm[w
∫ 90

0 sin θig(θi)dθi + h
∫ 90

0 cos θig(θi)dθi]
(10)

where µm is the mean trace length after correction, and m represents the number of scanlines.
li denotes the length of the scanline Li. ai indicates the angle between the scanline Li
and the fracture trace. g(αi) and g(θi) are the probability density functions of αi and θi,
respectively. Cm = ∑m

1 RLi is the percentage of the expected number of traces intersecting
with all scanlines. In 3D space, the fracture is generally considered a disc. A numerical
solution scheme established by Kulatilake and Wu [27] is utilized to acquire the probability
distribution of the disc diameter according to the probability density of the trace length.

Based on the surveyed fracture information, the 2D fracture traces can be drafted by
computer technology. In the 2D fracture network, scanlines with different directions are
set and used to measure the fracture spacing. Then, the line density λ1

j of the fractures

can be obtained for each fracture set. Based on these results, the volume density λV
j of the

fractures can be calculated by [28]:

λV
j =

4λ1
j

πE(D2)
(11)

where E(D2) denotes the second moment of fracture diameter D.
The trace length, diameter, and density of each fracture set are determined using the

procedures described above, as shown in Table 1.
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2.3.3. Monte Carlo Simulation and Model Verification

Based on the scale of the rock slope, a 3D fracture network model with dimensions
of 200 m × 120 m × 80 m is designed. The fracture number is determined by the fracture
density and model size. The Monte Carlo approach is then used to simulate probability
distribution models of fracture orientation, diameter, and location as specified by the
fracture space. The empirical probability distribution is used in this work to define the
orientation of each fracture set. Each fracture set’s diameter follows a gamma distribution.
Each fracture set’s placement follows a consistent distribution. Each model is simulated
5 times. Through the combination of the three models, a total of 125 3D fracture network
models are established.

A sample window with the same size and orientation as the field survey is arranged in
the 3D fracture network model to find a trustworthy fracture network model. The fracture
parameters gathered from the artificial sample window are then compared to the field
data. The ideal model is a 3D fracture model with a high degree of resemblance to the
field data. To determine if the field data and simulated data are in close agreement, two
criteria are used: the relative difference percentage (RD%) and the coefficient of variation
(COV) [29,30]:

RD% =
Average simulated value− Field value

Field value
× 100% (12)

COV =
Std.

Mean
× 100%. (13)

The compared results and optimal model are shown in Table 2 and Figure 6.

Table 2. The validation of the optimal model by comparing the surveyed data and simulated data.

Fracture
Set

Data
Type

Fracture
Number

Mean Orientation (◦) Mean Trace Length (m) Trace Type
K

Dip Direction Dip Angle Observed Corrected R0 R1 R2

1
Surveyed 99 140.8 51.2 12.97 16.05 0.00 0.07 0.93 12.97
Simulated 95 141.3 48.4 12.33 12.43 0.00 0.28 0.72 15.60

2
Surveyed 77 150.8 85.2 3.56 5.04 0.00 0.04 0.96 13.78
Simulated 75 148.0 84.8 4.54 5.45 0.00 0.15 0.85 14.70

3
Surveyed 46 246.9 81.8 6.05 8.02 0.00 0.07 0.93 5.51
Simulated 44 249.5 77.8 5.94 8.47 0.00 0.19 0.81 5.70

2.3.4. Fracture Extraction in the Cross-Section

The slip surface determined on the 3D scale is more reasonable and accurate. The
cracks formed within the rock slope, on the other hand, are exceedingly complicated,
making it impossible to search the slide surface on a 3D scale. Therefore, the slip surface is
first determined from the 2D scale.

To facilitate the search for the slip surface of the slope, a series of cross-sections are set
within the 3D fracture network model. These cross-sections are perpendicular to the x-axis
and arranged at x = 10 m, 20 m, . . . , 190 m (Figure 7).

Due to the intersection of the section with the fracture in the model, a 2D fracture
network is generated in each cross-section. By looking for the shortest path, 19 cross-
sections with a 2D fracture network are utilized to determine the key slip surface. The
following formula can be used to compute the intersection coordinate of the fracture and
cross-section:
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

A(x− xc) + B(y− yc) + C(z− zc) = 0

(x− xc)
2 + (y− yc)

2 + (z− zc)
2 ≤ D2/4

x = xu

A = cos α sin β

B = sin α sin β

C = cos β

(14)

where (xc, yc, zc) is the coordinate for the center of the fracture disc. The fracture disc’s unit
normal vector is denoted by [A, B, C]. xu is the coordinate value of the x-axis corresponding
to the cross-section. The fracture disc’s direction is given by α. The fracture disc’s dip angle
is denoted by β.
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When the angle between the fracture and cross-section is minimal, the fracture mostly
serves as the separating surface of the slope body and has little influence on the slope’s
sliding. As a result, while looking for the slip surface on a 2D scale, these cracks should be
ignored. In this study, fractures are removed when the angles between the fractures and
cross-section are less than 30◦.

2.4. Floyd Algorithm for Searching the Shortest Path

Rock slopes are characterized by the presence of persistent joints that can cause
slope instability [31]. Therefore, it is essential to investigate the spatial distribution of
joints. Usually, the shear strength of the fracture is obviously smaller than that of the
rock bridge [32]. Thus, the rock slope tends to slide along the joints. In other words, the
distribution of fractures determines the critical slip surface of a rock slope. To find the
position of the crucial slip surface, a new approach for searching for the shortest path of
fracture connectivity is presented based on the aforementioned concepts.

The Floyd algorithm, also known as the insertion point technique, is a dynamic
programming method that finds the shortest path between any multisource locations [33].
The shear entrance and exit of the possible slip surface within the rock slope are distinct
and fixed. When the potential slip path is shortest, the slip surface goes via the cracks as
much as possible while the length of traversing the rock bridges is extremely low. In this
case, the shear strength of the sliding surface is naturally the smallest. The Floyd method is
used to find the shortest path between the selected shear entrance and exit based on the
criteria stated above.

The Floyd algorithm needs to introduce two matrices to store the distance and path
between any two points. The element dij in matrix D represents the distance value between
the ith point and jth point. The element pij in matrix P represents the point number
corresponding to the distance dij passed from the ith point to jth point [34]. The weighted
adjacency matrix D(0), which is used to store the distance values between any two points
is first calculated. All the possible paths through one transfer from the ith point to the jth
point are compared and the shortest path between the ith point and the jth point arriving
directly or passing through only one intermediate point is then selected. The matrix D(1)

instead of the matrix D(0) is used to store the shortest paths between any two points. Based
on the above principles, the matrices D(2), D(3), . . . , D(k) are calculated in turn. When matrix
D(k) and matrix D(k−1) are exactly the same, the iteration terminates. The shortest path
information between all point pairs is stored in matrix D(k) and matrix P(k−1). The specific
steps of the Floyd algorithm are as follows [35]:

Step 1: Setting the initial distance matrix D(0) = (d(0)ij ), the matrix D(0) is calculated as:

d(0)ij =

{
Wij , when the ith point is adjacent to the jth point

∞ , when the ith point is not adjacent to the jth point
(15)

where Wij is the calculated distance between the ith point and jth point according to a
certain rule.

Step 2: Constructing the iterative matrix D(k) = (d(k)ij ), the matrix D(k) is calculated as:

d(k)ij = min
{

d(k−1)
ir + d(k−1)

rj |r = 1, 2, · · ·, n
}

. (16)

Step 3: If D(k) = D(k−1), the iteration terminates. Otherwise, return to Step 2.

3. Results and Discussion

When the shear entrance and exit points are provided, the critical slip surface is the
shortest path found using the Floyd method. In general, the location of the shear entrance
and exit is uncertain. As a result, alternative shear entries and exits are considered to find the
shortest path. Finally, the critical slip surface is determined by identifying and calculating
the shortest path between multiple shear entrances and exits on 19 cross-sections.
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Generally, the shear exits and entrances are arranged around the deformation position
at the front and back edge of the slope. In this study, the coordinate points (0, 80), (10, 80),
(20, 80), (30, 80), (40, 80), (50, 80), (60, 80), and (70, 80) are separately chosen as the candidate
shear entrances and the coordinate points (120, 0) and (120, 10) are separately chosen as
the candidate shear exits (Figure 8). With an arbitrary combination of a shear entrance and
shear exit, 16 search combinations of the entrance and exit can be formed. Using the Floyd
algorithm for searching the shortest path, 16 of the shortest paths are determined. Taking
the cross-section of x = 20 m as an example, the two combinations of the entrance point
(0, 80) and the exit point (120, 0), the entrance point (70, 80), and the exit point (120, 10) are
separately listed. The shortest paths searched corresponding to the above two combinations
are separately shown in Figure 9.
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Figure 9. The shortest path between the designated shear entrance and exit; (a) Entrance point (0, 80)
and exit point (120, 0); (b) Entrance point (70, 80) and exit point (120, 10).

To date, only the specific information of the fractures exposed on the outcrop can be
measured. The fractures developed on the cross-section are usually generated by the idea
of probability and statistics [36]. The statistical characteristics of the artificially generated
fractures are statistically similar to those of the fractures actually developed within the rock
mass. However, the specific location, size, and orientation of the fractures have certain
errors. Thus, any one of the shortest path searched by the Floyd algorithm according to
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the information of artificial fractures has difficulty representing the actual slip surface. If
multiple cross-sections with the fractures are searched using the Floyd algorithm, multiple
shortest paths are obtained corresponding to the cross-sections. To a certain extent, the
statistical characteristics of multiple shortest paths can be used to reflect the characteristics
of the actual slip surface.

In the section “fracture generation in the cross-section of the slope”, 19 slope cross-
sections with the fractures are generated. Using the Floyd algorithm, the shortest path
corresponding to each combination of the entrance point and exit point is searched for
in each cross-section. For anyone combination of entrance point and exit point, 19 of
the shortest paths can be determined by searching 19 slope cross-sections, as shown in
Figure 10. Although the 19 shortest paths are more cluttered, the shear entrance and exit of
the shortest paths are basically the same as the shear entrance and exit originally designated.
For the sake of safety and convenience, these shortest paths are classified and analyzed
using the circular arc that cuts through the shear entrance and exit. It is worth mentioning
that the actual slip surface of the slope is not a circular arc, but a linear or fold linear surface.
However, the circular arc not only contains the different shortest paths in a statistical sense,
it also extends into the interior of the rock slope to the greatest degree. Whether the rock
slope is analyzed or supported, it is safe to adopt the circular arc for analysis. According
to the above analysis, a circular arc containing different short paths is determined and
considered as a potential slip surface. The circular centre and radius of the potential
slip surface corresponding to each combination of the entrance point and exit point are
calculated and shown in Table 3 and Figure 11.
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Table 3. 16 potential slip surfaces for all combinations of shear entrance and exit.

Shear
Entrance

Shear
Exit

Circle
Center Radius Fracture

Frequency
Shear

Entrance
Shear
Exit

Circle
Center Radius Fracture

Frequency

(0, 80)

(120, 0)

(123.8, 135.6) 135.7 0.742 (0, 80)

(120, 10)

(109.1, 129.1) 119.6 0.738
(10, 80) (125.1, 122.6) 122.7 0.739 (10, 80) (110.5, 116.6) 107.0 0.737
(20, 80) (126.1, 110.2) 110.3 0.735 (20, 80) (113.8, 107.5) 97.7 0.731
(30, 80) (126.4, 97.9) 98.1 0.734 (30, 80) (114.5, 95.8) 86.0 0.735
(40, 80) (127.0, 87.0) 87.3 0.736 (40, 80) (115.8, 85.9) 76.0 0.732
(50, 80) (127.3, 77.0) 77.4 0.724 (50, 80) (116.8, 76.8) 66.9 0.720
(60, 80) (127.5, 68.1) 68.5 0.715 (60, 80) (117.7, 68.8) 58.8 0.714
(70, 80) (127.7, 60.4) 60.9 0.701 (70, 80) (119.6, 62.6) 52.6 0.700
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To determine the critical slip surface, the fracture frequency is used to assess the
possibility of sliding on a potential slip surface. The fracture frequency is the length ratio
of the fractures searched for on the shortest path to the shortest path. The larger the
fracture frequency, the longer the length of the fractures searched on the shortest path. The
larger the ratio, the easier it will be for the rock bridge between the fractures to break and
lead to transfixion, and the easier it will be for the rock slope to fail along the shortest
path. The fracture frequency corresponding to each shortest path is calculated by the
following formula:

f =

k
∑

i=1
li

L
(17)

where f is the fracture frequency. li represents the trace length of the ith fracture on the
shortest path. k indicates the number of fractures searched on the shortest path. L expresses
the length of the shortest path.

For any one combination of an entrance point and exit point, the fracture frequency
of the shortest path corresponding to each cross-section is calculated. The average of
these fracture frequencies is regarded as the fracture frequency of the potential slip surface
determined by these shortest paths. The fracture frequency of the possible slip surface
through the entrance point (0, 80) and exit point (120, 0), as shown in Table 3, is the largest,
with a value of 0.742. When a fractured rock slope fails, the possible slip surface with the
largest fracture frequency is frequently chosen because the fractures are the most likely to
widen and create the ultimate critical slip surface. The prospective slip surface through
the entrance point (0, 80) and exit point (120, 0) might be utilized as the slope’s ultimate
essential slip surface for safety reasons.

4. Conclusions

The discontinuities have a far lower shear strength than rock blocks. Along with the
discontinuities, the slip surface is generally simpler to expand. Based on this concept,
222 fractures are quickly obtained by digital close-range photogrammetry, and a new Floyd
algorithm is proposed to determine the crucial slip surface of the complex rock slope by
locating the shortest path between the fractures. Through the application research of a
fracture rock slope in Hengqin Island, Zhuhai, the following discoveries are obtained:
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1. Digital close-range photogrammetry technology can quickly establish the 3D model
of the slope, which provided a reliable means to obtain information regarding a large
number of fracture rock slope fractures quickly and accurately. A 3D fracture network
model can be created by interpreting the features of fracture generated on the exposed rock
faces. The fracture traces in the cross-section can be obtained by calculating the intersection
of the fractures and cross-section.

2. For any one combination of the entrance point and exit point, the shortest paths cor-
responding to different cross-sections are different and more cluttered. Only the statistical
characteristics of multiple shortest paths can be accurately summarized as the character-
istics of the actual slip surface. These shortest paths are simplified as a circular arc that
contains all shortest paths and is considered as a potential slip surface.

3. For each combination of the entrance point and exit point, a potential slip surface
of a circular arc is obtained. The fracture frequency is used to determine the likelihood of
sliding along the probable slip surface. Due to the highest fracture frequency, the possible
slip surface via the entrance point (0, 80) and exit point (120, 0) is recognized as the slope’s
final critical slip surface.

Author Contributions: Conceptualization, visualization, writing—original draft preparation, and
project administration, S.S.; validation, and writing—review and editing, M.Z.; review and formal
analysis, C.Z.; methodology, and data curation, F.W.; investigation, and data curation, H.L.; software,
resources, M.M.; review, supervision, funding acquisition, and writing—review and editing, C.C. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science of China (Grant Nos. 42177139,
42077242, 52104125), Opening Fund of State Key Laboratory of Geohazard Prevention and Geoenvi-
ronment Protection (Chengdu University of Technology) (Grant No. SKLGP2018K017), the Natural
Science Basic Research Plan in Shaanxi Province of China (Grant No. 2022JQ-304), and the Interdisci-
plinary Integration and Innovation Project of Jilin University (JLUXKJC2021ZZ17).

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Not Applicable.

Acknowledgments: Thanks to anonymous reviewers and editors for their valuable feedback on
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Singh, R.; Umrao, R.K.; Singh, T.N. Stability evaluation of road-cut slopes in the Lesser Himalaya of Uttarakhand, India:

Conventional and numerical approaches. Bull. Eng. Geol. Environ. 2014, 73, 845–857. [CrossRef]
2. Song, S.Y.; Xu, Q.; Chen, J.P.; Wang, F.Y.; Liu, Y.; Liu, Y.F. Relationship between the representative element volume and

discontinuity parameters. Q. J. Eng. Geol. Hydrog. 2020, 54, 1–12. [CrossRef]
3. Glade, T.; Anderson, M.; Crozier, M.J. (Eds.) Landslide Hazard and Risk; John Wiley & Sons: West Sussex, UK, 2005; pp. 43–74.
4. Jellali, B.; Frikha, W. Constrained particle swarm optimization algorithm applied to slope stability. Int. J. Geomech. 2017,

17, 06017022. [CrossRef]
5. Anderson, M.G.; Richards, K.S. (Eds.) Slope Stability; Geotechnical Engineering and Geomorphology; John Wiley & Sons: West Sussex,

UK, 1987; pp. 11–75.
6. Zhang, X.; Zhu, C.; He, M.; Dong, M.; Zhang, G.; Zhang, F. Failure Mechanism and Long Short-Term Memory Neural Network

Model for Landslide Risk Prediction. Remote Sens. 2022, 14, 166. [CrossRef]
7. Bishop, A.W.; Morgenstern, N. Stability coefficients for earth slopes. Géotechnique 1960, 10, 129–153. [CrossRef]
8. Cheng, Y.M.; Liang, L.; Chi, S.C.; Wei, W.B. Determination of the critical slip surface using artificial fish swarms algorithm.

J. Geotech. Geoenviron. Eng. 2008, 134, 244–251. [CrossRef]
9. Kahatadeniya, K.S.; Nanakorn, P.; Neaupane, K.M. Determination of the critical failure surface for slope stability analysis using

ant colony optimization. Eng. Geol. 2009, 108, 133–141. [CrossRef]
10. Zeng, P.; Jimenez, R.; Jurado-Piña, R. System reliability analysis of layered soil slopes using fully specified slip surfaces and

genetic algorithms. Eng. Geol. 2015, 193, 106–117. [CrossRef]

http://doi.org/10.1007/s10064-013-0532-1
http://doi.org/10.1144/qjegh2019-071
http://doi.org/10.1061/(ASCE)GM.1943-5622.0001019
http://doi.org/10.3390/rs14010166
http://doi.org/10.1680/geot.1960.10.4.129
http://doi.org/10.1061/(ASCE)1090-0241(2008)134:2(244)
http://doi.org/10.1016/j.enggeo.2009.06.010
http://doi.org/10.1016/j.enggeo.2015.04.026


Remote Sens. 2022, 14, 1284 15 of 15

11. Kashani, A.R.; Gandomi, A.H.; Mousavi, M. Imperialistic competitive algorithm: A metaheuristic algorithm for locating the
critical slip surface in 2-Dimensional soil slopes. Geosci. Front. 2016, 26, 83–89. [CrossRef]

12. Gao, W. Investigating the critical slip surface of soil slope based on an improved black hole algorithm. Soils Found. 2017, 57,
988–1001. [CrossRef]

13. Tang, S.B.; Huang, R.Q.; Tang, C.A.; Liang, Z.Z.; Heap, M.J. The failure processes analysis of rock slope using numerical modelling
techniques. Eng. Fail. Anal. 2017, 79, 999–1016. [CrossRef]

14. Kıncal, C. Application of two new stereographic projection techniques to slope stability problems. Int. J. Rock Mech. Min. Sci.
2014, 66, 136–150. [CrossRef]

15. Einstein, H.H.; Veneziano, D.; Baecher, G.B.; O’Reilly, K.J. The effect of discontinuity persistence on rock slope stability. Int. J. Rock
Mech. Min. Sci. Geomech. Abstr. 1983, 20, 227–236. [CrossRef]

16. Zhu, D.Y.; Qian, Q.H.; Zhou, Z.S.; Zheng, H.T. Technique for computing critical slip field of rock slope and its application to
design open pit slope. Chin. J. Rock Mech. Eng. 1999, 18, 497–502.

17. Zhang, W.; Chen, J.P.; Zhang, W.; Lv, Y.; Ma, Y.F.; Xiong, H. Determination of critical slip surface of fractured rock slopes based on
fracture orientation data. Sci. China Technol. Sci. 2013, 56, 1248–1256. [CrossRef]

18. Zheng, W.B.; Zhuang, X.Y.; Tannant, D.D.; Cai, Y.C.; Nunoo, S. Unified continuum/discontinuum modeling framework for slope
stability assessment. Eng. Geol. 2014, 179, 90–101. [CrossRef]

19. Liu, Y.; Li, H.; Xiao, K.; Li, J.; Xia, X.; Liu, B. Seismic Stability Analysis of a Layered Rock Slope. Comput. Geotech. 2014, 55, 474–481.
[CrossRef]

20. Xu, Q.; Chen, J.; Li, J.; Yue, H. A genetic algorithm for locating the multiscale critical slip surface in jointed rock mass slopes.
Math. Probl. Eng. 2014, 2014, 1–10. [CrossRef]

21. Seedahmed, G.H. Direct Retrieval of Exterior Orientation Parameters Using a 2D Projective Transformation. Photogramm. Rec.
2006, 21, 211–231. [CrossRef]

22. Chen, J.P.; Xiao, S.F.; Wang, Q. Computer Simulation Theory of 3D Random Discontinuities Network; Northeast Normal University
Press: Changchun, China, 1995.

23. Song, S.Y.; Wang, Q.; Chen, J.P.; Li, Y.Y.; Zhang, W.; Ruan, Y.K. Fuzzy C-means clustering analysis based on quantum particle
swarm optimization algorithm for the grouping of rock discontinuity sets. KSCE J. Civ. Eng. 2017, 21, 1115–1122. [CrossRef]

24. Kulatilake, P.H.S.W.; Wu, T.H. Sampling bias on orientation of discontinuities. Rock Mech. Rock Eng. 1984, 17, 243–253. [CrossRef]
25. Priest, S.D. Discontinuity Analysis for Rock Engineering; Chapman & Hall: London, UK, 1993.
26. Zhang, Q.; Wang, Q.; Chen, J.P.; Li, Y.Y.; Ruan, Y.K. Estimation of mean trace length by setting scanlines in rectangular sampling

window. Int. J. Rock Mech. Min. Sci. 2016, 84, 74–79. [CrossRef]
27. Kulatilake, P.H.S.W.; Wu, T.H. Relation between Discontinuity Size and Trace Length. In Proceeding of the 27th US Symposium

on Rock Mechanics, American Rock Mechanics Association, Tuscaloosa, AL, USA, 23–25 June 1986; pp. 130–133.
28. Oda, M. Fabric tensor for discontinuous geological materials. Soils Found. 1982, 22, 96–108. [CrossRef]
29. Meyer, T.; Einstein, H.H. Geologic Stochastic Modeling and Connectivity Assessment of Fracture Systems in the Boston Area.

Rock Mech. Rock Eng. 2002, 35, 23–44. [CrossRef]
30. Kulatilake, P.H.S.W.; Wathugala, D.N.; Stephansson, O. Joint network modelling with a validation exercise in Stripa mine, Sweden.

Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 1993, 30, 503–526. [CrossRef]
31. Devoto, S.; Hastewell, L.J.; Prampolini, M.; Furlani, S. Dataset of Gravity-Induced Landforms and Sinkholes of the Northeast

Coast of Malta (Central Mediterranean Sea). Data 2021, 6, 81. [CrossRef]
32. Yong, R.; Ye, J.; Li, B.; Du, S.G. Determining the maximum sampling interval in rock joint roughness measurements using fourier

series. Int. J. Rock Mech. Min. Sci. 2018, 101, 78–88. [CrossRef]
33. Liao, Y.M.; Zhong, J. Floyd Algorithm Based on the Shortest Path in GIS. In Information and Business Intelligence, Proceedings of

International Conference on Information and Business Intelligence, Chongqing, China, 23–25 December 2011; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 574–579.

34. Li, Y.; Li, D.; Yu, Y. Multi-Point Shortest Path in the Complex Road Network Based on Floyd Algorithm. In Information Computing
and Applications, Proceedings of International Conference on Information Computing and Applications, Singapore, 16–18 August 2013;
Springer: Berlin/Heidelberg, Germany, 2013; pp. 364–372.

35. Lei, T.; Xing, T.; Xin, H.; Xu, H.; Tan, Z.F. Location analysis of electric vehicle charging station based on the Floyd shortest path
algorithm. Appl. Mech. Mater. 2013, 389, 1014–1018.

36. Zhang, W.; Lan, Z.G.; Ma, Z.F.; Tan, C.; Que, J.S.; Wang, F.Y.; Cao, C. Determination of statistical discontinuity persistence for a
rock mass characterized by non-persistent fractures. Int. J. Rock Mech. Min. Sci. 2020, 126, 104177. [CrossRef]

http://doi.org/10.1016/j.gsf.2014.11.005
http://doi.org/10.1016/j.sandf.2017.08.026
http://doi.org/10.1016/j.engfailanal.2017.06.029
http://doi.org/10.1016/j.ijrmms.2014.01.006
http://doi.org/10.1016/0148-9062(83)90003-7
http://doi.org/10.1007/s11431-012-5129-6
http://doi.org/10.1016/j.enggeo.2014.06.014
http://doi.org/10.1016/j.compgeo.2013.10.002
http://doi.org/10.1155/2014/543081
http://doi.org/10.1111/j.1477-9730.2006.00381.x
http://doi.org/10.1007/s12205-016-1223-9
http://doi.org/10.1007/BF01032337
http://doi.org/10.1016/j.ijrmms.2016.02.002
http://doi.org/10.3208/sandf1972.22.4_96
http://doi.org/10.1007/s006030200007
http://doi.org/10.1016/0148-9062(93)92217-E
http://doi.org/10.3390/data6080081
http://doi.org/10.1016/j.ijrmms.2017.11.008
http://doi.org/10.1016/j.ijrmms.2019.104177

	Introduction 
	Materials and Methods 
	Study Area 
	Collecting Discontinuity by Digital Close-Range Photogrammetry 
	Fracture Generation in the Cross-Section of the Slope 
	Analysis of Fracture Orientation 
	Determination of Trace Length, Diameter, and Density 
	Monte Carlo Simulation and Model Verification 
	Fracture Extraction in the Cross-Section 

	Floyd Algorithm for Searching the Shortest Path 

	Results and Discussion 
	Conclusions 
	References

