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Rockfall geologic hazards are widely distributed. Due to their concealed nature, rockfalls
are difficult to investigate using traditional contact survey methods, and the hazards they
pose affect major projects and people’s safety. Reproducing methods, including scene
survey and movement process analysis, are primary tasks used to prevent these hazards;
however, few reconstruction methods can directly apply the parameters of the rockfall
geologic hazards obtained by the scene survey to evaluate the movement process. To
address this problem, a method of reproduction based on oblique photography and
three-dimensional discontinuous deformation analysis (3D-DDA) is proposed; the method
consists of three key techniques (oblique photography, 3D rock block system modeling,
and 3D rock block system analysis). First, geometric characteristic parameters of the
terrain, rockfall, and discontinuities are extracted based on oblique photography using an
unmanned aerial vehicle (UAV). Second, the block system model of rockfall is
reconstructed by using 3D computational geometry theory and taking these geometric
characteristic parameters as an input. Finally, the whole evolution process of rockfall
geologic hazard, including initiation, movement, and accumulation, is simulated by the
3D-DDA method. To verify the practicability of this reproduction method, a typical rockfall
geologic hazard, located in the K8 + 050 section of the Gaohai expressway, Yunnan,
China, is studied. In addition, the characteristics of 19 dangerous rock masses in the
survey area are clarified, and the geometric features of the discontinuities in the rock
masses are extracted based on oblique photography using an UAV. The block system
model of a potential rockfall is reconstructed, the movement trajectory is simulated by the
3D-DDA method, and the evolution process of velocity and kinetic energy of the rockfall
verifies that the spatial layout of the current three-level passive protective nets system is
reasonable. The case study indicates that the proposed method provides a geological and
mechanical model for the risk assessment of rockfall geologic hazards.
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INTRODUCTION

After complex geological processes, geological discontinuities
with different sizes and properties, such as faults, joints, and
fissures, are widely distributed in rock masses. These
deterministic or random discontinuities cut the rock masses
into rock blocks with different shapes, sizes, and compositions.
Under the action of environmental factors (earthquakes,
precipitation, and inter alia) and engineering-induced
disturbance (excavation, blasting, etc.), these rock blocks
readily induce geological hazards such as rockfalls (Finlay
et al, 1997; Keefer, 2002; Zhang et al., 2012; Wang et al,
2014; Fu et al, 2020; Yang et al, 2020). At present, rockfall
geologic hazards are widely distributed, seriously affecting major
projects such as hydropower, transportation, and mining, and
endangering people’s property safety (Sittele et al., 2016). Their
prevention has become a major demand on ensuring the project
safety and economic development.

The reconstruction method of modeling of rockfall geologic
hazards is the primary task in their prevention, and scene survey
and movement process analyses are two important aspects of
reconstruction. In terms of the scene survey, rockfall geologic
hazards are often distributed in poor natural conditions, such as
at high, hard-to-reach positions, under concealment from other
surface materials, and in inclement environmental conditions,
which leads to the limited use of traditional survey methods with
contact and single-point characteristics. In recent years, many
noncontact measurement technologies, such as oblique
photography using unmanned aerial vehicle (UAV),
interferometric synthetic aperture radar (InSAR), and laser
Doppler velocimetry (LDV), have developed rapidly. Fruneau
et al. (1996)first proved that DInSAR can be used to monitor the
deformations associated with small-scale landslides. Then many
scholars successively investigated the applications of DInSAR in
landslide monitoring to good effect (Wasowski and Bovenga,
2014; Costantini et al., 2017; Fan et al., 2017; Vecchioli, 2017).
Mutar and Biswajeet (2018) proposed a comprehensive method
of evaluation of rockfall disasters based on UAV and
high-resolution laser scanning data. Du et al. (2020) proposed
a dangerous rock mass identification method based on LDV,
which can distinguish dangerous rock from a stable rock mass
through two indices of natural vibration frequency and vibration
amplitude. Considering the characteristics of different
measurement technologies, Xu et al. (2019) integrated a
multisource space-air-ground observation system, including
InSAR, LIDAR, and UAV, and slope surface observations.
Many case studies prove that noncontact measurement
techniques play an important role in determining the
characteristic parameters of rock falls, and the efficiency and
accuracy of identification of hazards have been improved.

Various simulation models or techniques have been proposed
to analyze movement processes of the rockfall geologic hazards
since the 1960s (Dorren, 2003; Volkwein et al., 2011). Based on
these simulation models or techniques, some practical programs,
such as STONE (Guzzetti et al., 2002), HY-STONE (Crosta and
Agliardi, 2004), Rockyfor3-D (Dorren et al., 2004), and RAMMS:
Rockfall (Christen et al., 2007), have been developed. Many
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commercial software packages have also been applied to the
rockfall simulation, for example, Rocfall software based on an
interactional model between the rockfall and the slope surface
(Alejano et al., 2007; Ahmad et al., 2013; Yan et al., 2020), discrete
element method software (PFC, UDEC, and 3DEC) based on the
discontinuous medium theory (Lin et al., 2012; Thoeni et al,
2014; Jiang et al., 2015; Gao and Meguid, 2018; Wu et al., 2018;
Liu et al., 2020; Liu et al., 2021; Zheng et al., 2021). In addition,
some rock block analysis methods, such as the key block theory
(Goodman and Shi, 1985; Fu et al,, 2019a) and discontinuous
deformation analysis (DDA) (Shi, 1988; Wu et al,, 2013; Fu et al,,
2017a; Peng et al.,, 2018), have also developed rapidly. Ohnishi
et al. (1996) first applied two-dimensional DDA (2D-DDA) to
assess the rockfall movement. Chen (2003) and Ma et al. (2011)
also conducted numerical simulations of typical cases of rockfall
geologic hazards using 2D-DDA; because 2D-DDA is limited to
simulation of lateral movements and impacts, which are closely
related to the 3D shape of both the rock block and slope surface,
the three-dimensional discontinuous deformation analysis
(3D-DDA) theory proposed by Shi (2001) can overcome these
limitations. Using the 3D-DDA codes developed by Shi (2001),
much research into the movement and underlying mechanisms of
rockfall geologic hazards has been carried out (Yang et al., 2004;
Chen et al,, 2013; Zheng et al., 2014; Wang et al,, 2017; Liu et al,,
2019). These results show that the 3D-DDA method can simulate
not only the free falling, sliding, rolling, and rebound of rockfall,
but also the spatial effect of the interaction between a rockfall and
the slope surface.

Scholars have carried out much research into two important
aspects of reconstruction of rockfall geologic hazards; however,
few methods of reconstruction can directly apply the parameters
of the rockfall geologic hazards obtained by a scene survey to
assess the movement process (Lan et al., 2010), which restricts the
development of prevention techniques against such hazards. To
address this problem, a method of reproduction based on oblique
photography and 3D-DDA is demonstrated. In this article, A
Brief of the Reproduction Method presents a brief of the
reproduction method; Background of a Rockfall Geologic
Hazard Case introduces a case of rockfall geologic hazard; in
Basic Data Extracted Using Oblique Photography, 3D Rock Block
System Modeling, and Movement Process Analysis of the Rockfall
Geologic Hazard, three key techniques used in the reproduction
method, including oblique photography, 3D rock block system
modeling, and 3D rock block system analysis, are described and
verified by the way of a case study.

A BRIEF OF THE REPRODUCTION
METHOD

To combine the measurement data with the movement process
analysis, a method of reproduction of rockfall geologic hazard
based on oblique photography and 3D-DDA is proposed; this
method mainly includes the following steps:

a) UAV is used to take photographs of the hazard scene from
multiple perspectives, the panoramic high-precision 3D
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Rockfall geologic hazard

Typical rockfall geologic hazard

FIGURE 1 | (A) Location of the study area. (B) Typical rockfall geologic hazard location and photographs of the rockfall used as a case study.

model is constructed based on oblique photography, and
geometric characteristic parameters of the terrain, rockfall,
and discontinuities are extracted.

The 3D surface triangular grid of hazard scene is
reconstructed through surface contouring of the terrain,
and then the sliding bed block model is established using
the 3D surface triangular grid.

For a single rockfall, the geometric surfaces that comprise the
rock block are regarded as polygonal surfaces surrounded by a
series of vertices. These polygonal surfaces form the
rockfall block.

For the block system of the rock collapse, taking the triangular
grid of geometric contours of rock collapse as the boundary
constraint, the geometric characteristic parameters of random
discontinuities are used to generate a 3D random joint
network, and a 3D block-cutting algorithm is used to
construct the block system.

=

e) These different types of rock blocks adopt the same

topological description and are integrated into a 3D rock
block system that can be used for the computational analysis.
The physico-mechanical parameters of different types of
rock blocks, and the calculation parameters required for
the 3D-DDA method are input.

The movement process of a rockfall geologic hazard is divided
into multiple real-time steps. In each time step, the 3D-DDA
method is used to simulate various movement modes of
rockfall, including the sliding, rolling, collision, bouncing,
and free movement in the air.

The rock block system simulation results in each real-time
step are combined to reproduce the rockfall geologic
hazard scene.

Using the proposed method, the evolution of a rockfall

geologic hazard can be reproduced. This method of
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Spatial white model building

Automatic texturing

Triangulation

FIGURE 2 | (A) Point cloud generation. (B) Spatial white model building. (C) Triangulation. (D) Automatic texturing. Construction of the 3D model using oblique
photography data.

FIGURE 3 | Panoramic high-precision 3D model of the rockfall used as a case study.

reproduction consists of three key techniques, including oblique BACKGROUND OF A ROCKFALL

photography in step (a), 3D rock block system modeling in steps  GEOLOGIC HAZARD CASE
(b)-(e) and 3D rock block system analysis in steps (f)-(h). The
three techniques will now be described and applied to a case study ~ As shown in Figure 1A, the study area is located at chainage K8 +

involving a rockfall event. 050 on the Gaohai expressway in Yunnan Province, China
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TABLE 1 | Statistics pertaining to joint groups and dangerous rock masses in different districts.

Districts  Joints groups number Occurrence (dip direction/angle’)
A J1 312°234°
J2 168°,70°
J3 91°,80°
J4 304°,58°
J5 90°,66°
Jé 51°,85°
B J7 245°,68°
J8 331°487°
J9 275°126°
C J10 172°16°
J11 300°264°
J12 250°279°
J13 349°,90°

(longitude 102°38'57"and latitude 24°56'00"). The rockfall
geologic hazard is distributed along Dianchi Lake at the
northwest edge of the Dianchi fault basin and is classified as a
collapse accumulation landform.

The site is composed of Palaeozoic strata, gently sloping in the
east and steeping in the west; a high, linear fault cliff is apparent
on the west side. The highest point is the peak of Xishan, with an
altitude of 2,511 m, and the lowest point is the water surface of
Dianchi Lake, at an altitude of 1886 m. The lower part of the slope
is gentle with a gradient of 40°-50" and is covered with residual
diluvial and colluvial silty clay and rubble. The middle and upper
parts of the slope are steep with a gradient of 70°-90°, the rock
mass is mainly dolomite of the Weining formation (c2w) of the
Middle Carboniferous system and is broken due to the
development of many joints groups.

Since the opening of the Gaohai expressway in December
2006, the slope has collapsed and fallen many times due to
seismic events and intense rainfall. For example, on September
8, 2016, the natural slope collapsed, and the collapsed rock
mass rolled down the hillside, washing away the passive
protective nets and isolation fence of the expressway,
hitting the road pavement and blocking the traffic
(Figure 1B). Therefore, due to the steep terrain and the
development of rock mass joints, triggered by rainfall,
earthquakes, and other factors, there is the possibility of a
recurrence of such rockfall events, which may pose significant
potential hazards to the expressway at the foot of the slope and
the passing pedestrians or vehicles, and the tasks investigating
and evaluating such rockfall geologic hazards are very
important.

BASIC DATA EXTRACTED USING OBLIQUE
PHOTOGRAPHY

Panoramic High-Precision 3D Model

To establish a panoramic, high-precision, 3D model, the basic
data pertaining to rockfall geologic hazards must be obtained by a
UAV equipped with a high-definition camera. Through the field
investigation of the rockfall geologic hazard, the flight altitude,

Development density (m)

Dangerous rock mass
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1
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camera exposure interval, flight speed, aerial landing, and
other parameters are determined. After planning the flight
route, ultralow altitude flights are undertaken, and the
high-resolution photographs of the overall terrain and local
rockfall from different vertical and oblique angles are obtained.

Then, the high-resolution photos are imported into
professional post-processing software, such as Smart3D
software. Through a series of operations, for example, aerial
triangulation, geometric processing, multiview matching,
triangulation, and automatic texturing, the panoramic
high-precision 3D model can be established. Figure 2 shows
the process of construction of the 3D model using oblique
photography data. As illustrated in Figure 3, the panoramic
high-precision 3D model of the rockfall case is established; the
rockfall case can be divided into three districts (A, B, and C). The
corresponding highway lengths within these districts are 320, 180,
and 220 m, respectively. The rock masses in each district exhibit
different structural characteristics due to different geologic
processes or engineering activities therein.

Extraction of Structural Features of Rock

Masses

In the panoramic high-precision 3D model, the spatial point
coordinate parameters (X, Y, and Z-coordinates) of any position
can be obtained by the use of post-processing software. Not only
can the control points of terrain contours but also the vertices that
enclose the outline of the rockfall can be extracted. In addition,
for the discontinuities in rock mass, by measuring the point
coordinate parameters, the occurrence of each structural plane
can be calculated. A structural plane can be expressed by the dip
angle a, dip direction f3, and the three-dimensional coordinates of
a point in the plane (x;, y;, and z;), and the equation of the plane
can be written as follows:

sinasinf-x +sinacosf-y+cosa-z=D, (1)

where sin « sin 8, sin « cos f3, and cos « is the unit normal vector of
the plane and D represents the location of the plane as determined
from (x;, yj, and z;). The coordinates of three different points on
each structural plane are measured and substituted into Eq. 1: the
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Joint group J12 in District C

FIGURE 4 | (A) Joint group J4 in District A. (B) Joint groups from J7 to J9 in District B. (C) Joint group J12 in photographs of typical joint groups in different districts.

unknowns, including the dip angle, dip direction, and D, can be
obtained by solving the resulting equations. Conducting the
statistical analysis on all measured discontinuities, the dip
angle, the dip direction, and development density of each
group of joints can be obtained. Table 1 displays statistics
pertaining to results from the joint groups, there are six
groups of joints (J1-J6) in District A, three groups of joints
(J7-]J9) in District B, and four groups of joints (J10-J13) in
District C. Photographs of typical joints groups in each district
are given in Figure 4.

Distribution of the Dangerous Rock Masses

According to the statistical results of joints groups in Districts
A, B, and C, the inverted and near-vertical structural plane are
relatively well-developed, which may cut the rock into many
independent blocks. According to the formation conditions
leading to rock collapse in the Code for Highway Engineering
Geological Investigation of China (2011), if there are two
groups of joints (X-shaped joints) oblique to the slope trend
in the rock mass, a wedge inclined to the slope toe is easy to
form, and the rockfall geologic hazards are prone to be
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Oriented body

Basic data structure

%

Typical example of a labelled rock block

FIGURE 5 | (A) Basic data structure. (B) Typical example of a labeled rock block topological representation of a rock block.

Oriented face

1)

Oriented edge

Vertex

induced. The rock masses in Districts A, B, and C meet the
conditions for the development of rockfall geologic hazards.

The panoramic high-precision 3D model is used to identify the
dangerous rock masses in the survey area, and the characteristic
parameters such as block size and spatial distribution of each
dangerous rock mass are obtained. As shown in Table 1, there are
four dangerous rock masses (1#-4#) in District A, three
dangerous rock masses (5#-7#) in District B, and 12
dangerous rock masses (8#-19#) in District C. The spatial
distributions of these dangerous rock masses are marked in
Figure 3. Most of these dangerous rock masses are irregular
massive and columnar, and a few are massive. In terms of altitude
distribution, there are three dangerous rock masses at
1950-2000 m, nine at 2000-2,100 m, and seven above 2,100 m.
Among the 19 dangerous rock masses in the survey area, there are
no large collapses (ie., those with a volume >5,000 m®), 12
medium collapses (500 < volume <5,000 m?), and seven small

collapses (volume <500 m?). There are four medium-sized
collapses in District A, three in District B, and four small
collapses and eight medium-sized collapses in District C.

3D ROCK BLOCK SYSTEM MODELING

Topological Representation of a Rock Block
The block system of a rockfall geologic hazard is composed of
many blocks, including the sliding bed block and many
independent rockfall blocks. To integrate these different types
of rock blocks for movement process analysis, a reasonable data
structure accurately describing a rock block is necessary. In the
present work, each rock block is assumed to meet the
characteristics of simply connected regions, the basic data
structure of a rock block is defined as oriented body—oriented
face—oriented edge—vertex (Figure 5A). Wherein, vertex is
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‘ All control points of terrain contour |

Surface triangular grid reconstruction
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v
| All point pairs are used }YL
'

‘ Calculate circle radius and center |
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—| Other points are within the circle |
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—|Store the point pair as a triangular grid]q—

Sliding bed block modeling

‘ Determine analysis range of the rockfall ‘

‘ Obtain five oriented faces of the block |

Obtain the top oriented face consisting a
collection of the triangular oriented faces

Store the sliding bed block model

FIGURE 6 | Implementation of the sliding bed rock block model.

the basic geometric element, and it is expressed by the
three-dimensional coordinate; oriented edge is defined as two
vertices associated with an edge and the orientation of the edge;
oriented face consists of an ordered and closed set of oriented
edges, where each oriented face is a polygonal loop with a
specified orientation; each oriented body consists of a closed
set of oriented faces, and the orientation of each oriented face
should point to the outside of the oriented body. In this definition,
it is no longer necessary to distinguish between convex and
concave polyhedra.

In Figure 5B, the oriented body can be defined with six
oriented faces, including Face 1 (loop adhea), Face 2 (loop
baetb), Face 3 (loop cbfgc), Face 4 (loop dcghd), Face 5 (loop
hgfeh), and Face 6 (loop abcda); according to the right hand rule,
each face contains four oriented edges, for example, Face 1
contains ad, dh, he, and ea; all oriented edges consist of eight
vertices (a-h).

3D Sliding Bed Block Model

The establishment of a 3D sliding bed block model includes the
following two steps: surface triangular grid reconstruction and
sliding bed block modeling (Figure 6).

In the process of surface triangular grid reconstruction, all the
control points of terrain contour, measured by oblique
photography, are used to form the surface triangular grids,
and the implementation process is as follows:

a) All control points of terrain contour are placed in a point set.

b) Three control points from the point set are read to form a
point pair. If all point pairs are used, go to Step (f).

¢) The point pair is used to form a triangular grid, and its
circumscribed circle radius and center are calculated.

d) Whether the other control points of the point set are within
the circle is judged. If they are outside the circle, the triangular
grid is a part describing the surface, otherwise go to Step (b).

e) The point pair is stored as a triangular grid and return to
Step (b).

f) End.

In the process of sliding bed block modeling, by projecting 3D
surface triangular grids into the plane of the X-Y coordinate
system, the analysis range of rockfall geologic hazard is calculated,
and the bottom elevation of the sliding bed block model is also
determined by reducing a certain elevation of the minimum value
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3-d surface triangular grids

FIGURE 7 | (A) Surface digital elevation model (B) 3D surface triangular grids sliding bed rock block model.

in the Z-direction of the 3D surface triangular grids. The sliding
bed block is regarded as an approximate hexahedron. Following
the topological representation described of a rock block in
Topological Representation of a Rock Block, five oriented faces
of the hexahedron, including the bottom, front, back, left, and
right oriented faces, can be generated using the boundary control
points and the bottom elevation. The top oriented face, that is, the
ground surface can be regarded as a collection of triangular
oriented faces, and each triangular oriented face is a 3D
surface triangular grid. The 3D sliding bed block model of the
rockfall taken as a case study can be established using the surface
digital elevation model obtained by oblique photography
technology (Figure 7A), and top oriented face of the sliding

bed block model is composed of 79,743 surface triangular grids
(Figure 7B).

Block System Model of the Dangerous Rock

Masses

The modeling of dangerous rock masses includes the following
two types: the modeling of a single block of the rockfall, for which
the modeling is relatively simple. Following the topological
representation of rock block described in the Topological
Representation of a Rock Block, the geometric surfaces that
make up the rockfall are regarded as oriented faces
surrounded by a series of vertices, and these oriented faces
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FIGURE 8 | A rockfall block model.
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form a rock block (Figure 8). The sliding bed block model is a
local part of the panoramic, high-precision 3D model, and the
rockfall block is quasi-cuboidal with a volume of 115.47 m’.

The second type is the modeling of block system of the rock
collapse, and the implementation flow mainly has two steps: in the first
step, the statistical data pertaining to joint groups obtained by oblique
photography are input, and effective random structural planes within
the range of the rock collapse are reproduced using a 3D joint network
generation algorithm. In the second step, geometric boundaries of the
rock collapse, deterministic discontinuities, and random structural
planes are input and the rock block system model is formed using a
block-cutting algorithm. The 3D joint network generation algorithm
and the block-cutting algorithm are detailed by Fu et al. (2019b).
Figure 9A shows the reproduced random structural planes of a rock
collapse in District C of the rockfall case, and Figure 9B illustrates the
corresponding rock block system model, wherein there are 638 blocks,
and the total volume of the rock that collapsed is 3,840 m>.

MOVEMENT PROCESS ANALYSIS OF THE
ROCKFALL GEOLOGIC HAZARD

A Brief of the 3D-DDA Method

Conducting the techniques in the 3D Rock Block System
Modeling, the 3D rock block system model is formed, and
then the movement process of rockfall geologic hazard can be
analyzed using the 3D-DDA method. In the DDA method, each
discrete deformable block is a basic unit. To represent the
displacement of block-i in the 3D plane with the first-order
approximation, twelve mechanical variables with a clear
physical meaning are chosen, which are as follows:

2

T
{ADz} = {uO) Vo> Wo, ¥'x» ry) V2> Exs sy) &2 )/yz) YZX’ YX},} >

where (ug, vo, and wy) is the block centroid for the rigid body
translation; (r,, r,, and r;) is the rotation angle around the block
centroid; (e, €, and &) is the normal strain of the block
deformation and (y,., V. and yy,) is the shear strain of the
block deformation.

In DDA, the Newmark integration method is used, and the
discontinuous displacement of the block system is simulated with
real-time steps. The displacement of any point (x; y, z) of block i
in the current time step is expressed as follows:

Au,‘
Av; = [T.{ADi}, (3)
Awi
where
100 0 (z-2) ~-(y-») (x-x) 0 0 0 (z=20)/2 (y=y0)2
[T:]=10 1 0 —(z-2z) 0 (x—x0) 0 (y-0) 1] (z-2)I2 0 (x=x0)/2
001 (y=yo) —(x—x0) 0 0 0 (z=20) (y—y0)/2 (x—x0)12 0

is the shape function matrix and (xo, yo, and z) is the centroid of
block i. Thus, the large displacements are the accumulation of the
small displacements of steps, and {AD;} is the displacement
solution of the block in one time-step.

During the DDA calculation, it is necessary to set the physical
and mechanical parameters of each rock block, including rock
density, Young’s modulus, and Poisson’s ratio, as well as the
strength parameters of each contact face. Since DDA is solved
with real-time steps, the calculation parameters (Fu et al., 2017b),
e.g., calculation steps, interval of time step, dynamic coefficient,
maximum ratio of step displacement, and spring stiffness, need to
be input. Individual blocks are connected and form the block
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B

Reproduced random structural planes

Rock block system model

FIGURE 9 | (A) Reproduced random structural planes. (B) Rock block system model rock block system model of a rock collapse.

system by the boundary conditions, such as the contacts, the
displacement constraint, and the load boundary. Assuming there
are n blocks in the defined block system, with the principle of
minimum potential energy, the total equilibrium equations are
written as follows:

Kii Ky K7 [ AD: F,
K21 K22 K2n ADZ — F2 (4)
.I<n1 an knn ADn Fn

where [Kj] is a stiffness sub-matrix with a 12 x 12 order;
and {F;} is a load sub-vector with a 12 x 1 order; j, !
=12,...n.

After the total equilibrium equations are solved by satisfying
their convergences, two other convergences, including the
convergence of open—close iterations for all contacts and the
convergence of the maximum displacement for static
computations (Shi, 2009), should be checked. If all the
convergences are satisfied, the stress and displacement fields
can be obtained.
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FIGURE 10 | (A) Rockfalls around Dianchi Lake. (B) A dangerous rock mass in District C field investigation of the rockfall used as a case study.

Analysis of the Movement Process of a

Typical Rockfall

The panoramic, high-precision 3D model of the rockfall case
shows that the slope surface is not only relatively concentrated
within the block system of rock collapse, but also sporadically
distributed across more independent rockfalls. Field investigation
indicates that, in history, many rockfalls moved along the slope
surface after losing stability, finally falling into Dianchi Lake next
to the Gaohai expressway (Figure 10A).

To reproduce the typical movement process of rockfall
(Figure 10B), a dangerous rock mass in District C is selected for
simulation. Using the proposed modeling method based on oblique
photography, a 3D model of the selected dangerous rock mass is
reconstructed (Figure 11A), and the volume of each rock block is
4m’. The 3D-DDA method is used to simulate the movement
process of the rock block. The physico-mechanical parameters of

the rock and contact face are listed in Table 2. In terms of calculation
parameters setting, interval of time step is 0.0025 s, and the maximum
ratio of the step displacement is 0.001. Figure 11 demonstrates the
simulation results at different times, and the moving processes of the
rock block, including initiation, along the slope (friction, rolling,
collision, and bouncing), and free movement in the air, are presented.
After leaving the slope, the rock block falls into the expressway area
and hits the pavement, finally entering Dianchi Lake. The simulation
results are basically consistent with the field survey data.

Figure 12 illustrates the movement trajectory of the rock block,
showing obvious 3D spatial effects, suggesting that the trajectory is
affected by the terrain. In fact, in the formation of a rockfall geologic
hazard, there is not only vertical movement in the Z-direction, but
lateral movement in the X-Y plane perpendicular to the elevation.
This phenomenon is difficult to reproduce in 2d simulations, but is
critical to design of the layout of protective structures.
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FIGURE 11| (A) Os. (B) 8.66 s. (C) 10.58 s. (D) 13.48 s. (E) 15.40 s. (F) 17.33 s. Simulated results of the movement process of the rockfall at different times.

TABLE 2 | Physico-mechanical parameters of the rock and contact face.

Materials Density/kg-m— Young’s Poisson’s ratio  Friction angle/® Cohesion/ Tensile Spring
modulus/GPa MPa strength/MPa stiffness/GPa

Rock 2,400 10 0.25 — — — —

Contact face — — — 30 0 0 10

Figure 13 demonstrates simulated velocity in the  velocity in the Z-direction shows that, before each collision,
Z-direction and the kinetic energy of the rock block. The  the velocity vector of the rock block points downslope; when a
overall trend of the kinetic energy is increasing, but there  collision occurs, the velocity of the rock block suddenly
are many falls, which is caused by collisions between the rock  changes to upslope, reducing the kinetic energy; after the
block and the sloping surface. The temporal variation of the  collision, the rock block moves freely in the air, the velocity
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FIGURE 12 | Movement trajectory of the rock block.
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FIGURE 13 | Temporal variation of velocity in the Z-direction and kinetic energy of the rock block.

recovers its downward direction along the slope, and the
kinetic energy also increases. When the rock block reaches
the expressway, the velocity in the Z-direction is about 10 m/s
and the kinetic energy is about 7,000 k] (posing a very serious
hazard).

To prevent such high-energy rockfall geologic hazards, the
combined protective structures based on the idea of cascade
energy dissipation should be adopted (Peila et al., 1998; Tran
et al., 2013). As shown in Figures 10A,B, a three-level passive
protective net system has been arranged on site. When reaching
the 1#, 2#, and 3# passive protective nets, the kinetic energy of the
rock block is 437, 1,150, and 5,672 k], respectively, the first
passive protective net is arranged at the stage when the kinetic
energy begins to increase, and the second passive protective net is
sited beyond the original point of collision (i.e., where the kinetic

energy temporarily decreases). These two passive protective nets
can help to prevent rockfall geologic hazards arising before the
kinetic energy of the rock block has reached too high a level. The
third net is arranged near the expressway, as a last resort;
therefore, the relationship between the location of the
combined protective structures and the evolution of kinetic
energy of the rock block proves that the spatial layout of the
three-level passive protective net system is reasonable.

CONCLUSION

To prevent rockfall geologic hazards, a practical method of their
reproduction is crucial. Scene survey and movement process
analyses are two key steps therein; however, at present, they
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are difficult to integrate with engineering design protocols, which
means that the parameters pertinent to such rockfall geologic
hazards obtained by a scene survey cannot be used to elucidate
the movement process directly. In the present work, a method of
reproduction based on oblique photography and 3D-DDA is
presented to address the existing shortcomings, and three key
techniques invoked in the proposed method of reproduction are
described. A typical rockfall case, located at chainage K8 + 050 on
the Gaohai expressway, Yunnan Province, China, is employed to
test the practicability of the method. The main conclusions are as
follows:

a) The proposed method of reproduction is implemented using
the UAV and 3D-DDA and includes three key techniques:
oblique photography, 3D rock block system modeling, and 3D
rock block system analysis. When applying this method, using
UAV, geometric characteristic parameters of the terrain,
rockfall, and discontinuities are first extracted using
oblique photography. Then, the block system model of
rockfall is established through reconstructing the sliding
bed block and block system of the dangerous rock masses.
Last, the interaction behaviors between rock blocks, including
friction, rolling, collisions, and bouncing, are calculated by
invoking the 3D-DDA method, and the evolution of rockfall
geologic hazard, including initiation, movement, and
accumulation, is simulated.

Based on oblique photography by UAV, the panoramic,
high-precision 3D model of a typical rockfall event is built:
the parameters relating to the occurrence of rock mass
discontinuities in different districts are extracted, and the
distribution of dangerous rock masses is studied. The
movement trajectory of a representative rockfall is
simulated by the 3D-DDA method, and the simulation
results are consistent with field investigation data. The case
study shows that the proposed method has many advantages,
such as advanced technology, complete theory, and simple
operation; it integrates the data arising from measurement,
modeling, and calculation to reproduce the evolution of
rockfall geologic hazards, providing a geomechanical model
for the risk assessment of rockfall geologic hazards.
Compared with the 2d simulation method, the 3D-DDA
method can better reproduce the spatial effects of rockfall
movement as affected by the local terrain. The analysis of the
evolution of the velocity and kinetic energy in the case study
indicates that the kinetic energy tends to increase; however,
due to collisions between the rockfall and the slope surface,
the velocity vector suddenly changes from pointing
downslope to upslope, and the kinetic energy shows several
sudden drops; when the rockfall reaches the road surface, its
kinetic energy is about 7,000 kJ.

The rationality of a three-level passive protective net system is
assessed by analyzing the relationship between the spatial

b)

)

d)

Reproduction Method of Rockfall Hazards

layout of the combined protective structures and the evolution
of the kinetic energy of the rockfall. The first two nets prevent
the development of a more serious geologic hazard (acting
before the kinetic energy of the rockfall can become excessive).
The third net is arranged near the highway and is the last
resort in rockfall geologic hazard prevention. The current
three-level passive protective net system satisfies the idea of
cascade energy dissipation, and the spatial layout thereof is
deemed reasonable.
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