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Abstract.

Because of a wide distribution range, sudden occurrence, and high frequency of rockfall disasters on the slope of

open-pit mines, it is difficult to effectively control the rockfall disasters in open-pit mines. The slope stabilities of slopes of 13
typical sections in the Changshanhao open-pit mine were calculated using 3DEC software, and the vulnerable area of each slope
section was determined. These areas were analyzed as high-incidence areas of rockfalls. Combined with the field geological
conditions, the slopes of the W6 and W8 sections where rockfall disasters easily occur were selected to study the motion
characteristics of rockfalls, including the trajectory, landing distribution, bouncing height, and total kinetic energy using Rocfall
software. According to different distribution characteristics of high-incidence areas of rockfall disasters on a slope, the gravel
cushion and protective net methods are proposed to control rockfall disasters. The effectiveness and reasonableness of
prevention methods were validated using numerical simulation, proving a good basis for scientific prevention and control of

rockfall disasters in open-pit mines.
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1. Introduction

The phenomenon of rockfalls refers to the dynamic
evolution of individual rocks rapidly moving downwards
when they become unstable on a sloped surface, finally
impacting obstacles or stopping in flat zones. When the
surface of an open-pit slope is severely weathered and there
are strong mining disturbances and rainfall, rockfalls are
observed in areas where dangerous rock mass is developed,
severely threatening the safety of mining activity and
workers.

Through laboratory tests, theoretical analysis, and
numerical simulation, the motion characteristics of rockfalls
have been widely evaluated (Zhu ef al. 2019, Gischig et al.
2015, Andrew and Oldrich 2017, Bourrier et al. 2009, Buzzi
et al. 2012, James 2015, Spadari ef al. 2012, Li et al. 2016,
Hu et al. 2018, Gao ef al. 2018a, b). According to friction
theory, Zhang et al. (2015) calculated the tangential force
and tangential coefficient of restitution (COR). Zhu et al.
(2018 and 2021a) conducted many collision experiments
between rockfalls and cushions to study the influences that
the thickness and particle size of the cushion have on the
energy consumption of rockfalls. To determine the
hazardous rockfall zones and to select the control measures
to improve the safety of steep mountain roads in the
Kingdom of Saudi Arabia, rockfall hazard rating research
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was carried out (Maerz et al. 2015). Rosa et al. (2016)
proposed a procedure to evaluate the risk caused by
rockfalls; 103 cases of rockfall events were used to calibrate
and validate rockfall modeling. Lam et al. (2018) developed
a new displacement-based method to evaluate the
overturning stability of rigid L-shaped barriers under the
impact of rockfalls. Fano et al (2019) proposed
comprehensive evaluation criteria for rockfall disasters; this
provides a complete understanding of rockfall disasters that
can help authorities adopt proper methods to prevent
rockfalls. Tan et al. (2018) conducted impact tests using
blocks that had different diameters and a flexible barrier;
the interaction between falling blocks and the flexible
barrier was researched. To study the possibility of rocks
falling onto railway tracks, Megan et al. (2018) proposed an
approach for simulating rockfall hazards; the simulation
results can be related to the rockfall events to provide a
more realistic estimate of the hazard. Zhu ef al. (2021b)
built a numerical model of a rockfall impacting a cushion,
and the impact force and penetration depth during collision
between the rockfall and cushion were studied. Akin ez al.
(2021) built a 3-D rockfall model to evaluate the efficiency
of rockfall ditches against rockfall disasters, and it was
found that the effectiveness of a catchment ditch is highly
dependent upon its depth. Yu et al. (2021) carried out a
numerical simulation and tested a typical flexible barrier
system; the dynamic responses of flexible rockfall barriers
under the collision of blocks with different shapes were
analyzed.

At present, although many protection methods have
been developed and their effectiveness and reasonableness
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Fig. 2 Stratum distribution in Changshanhao open-pit mine (Tao ef al. 2020)

have been validated (Bertolo ez al. 2009, Bhatti 2018, Xu et
al. 2018, Lambert et al. 2018; Laura et al. 2018, Anna et al.
2017, Koo et al. 2017), protection costs are relatively high
because of a wide distribution range, sudden occurrence,
and high frequency of rockfall disasters on the slopes of
open-pit mines. It is difficult to effectively control rockfall
hazards in open-pit mines. According to the engineering
geological conditions of a mining area, the slope stability of
an open-pit mine was analyzed using 3DEC software.
Vulnerable slope areas were determined to obtain the initial
moving point of rockfall disasters. Reasonable
corresponding methods were used to control the rockfall
disasters according to different distribution characteristics
of rockfalls on the slopes of vulnerable areas.

2. Engineering background
2.1 Geographical location

The Changshanhao open-pit mine is located in
Neimenggu province, China. The mine has a gently rolling
denuded topography of low mountains and hills. The
elevation ranges from 1,550 m to 1,750 m, and the relative
elevation difference is 50200 m, as shown in Fig. 1.
Generally, the elevation is high in the east and low in the
west, and its ore bodies are mainly distributed in the low-
lying areas. Within this area, the rock strata are well
exposed without vegetation cover.

2.2 Regional geological characteristics

As seen in Fig. 2, the main lithological compositions in
the area include gneiss, andalusite schist, meta-sandstone,
two-mica quartz schist, quartzite, and limestone. The north
slope of the southwest stope of the ore field is dominated by
slate and schist, and the south slope is dominated by
limestone. The inclination of bedding planes is about 65°-
85°. The north side of the mine is dominated by slate and
schist, and the south side is dominated by limestone (Tao et
al. 2019; Zhu et al. 2020). This area is subject to tectonic
control, the slopes have a poor rock mass integrity, and the
stability of rocks and ores is relatively weak. Therefore,
there are many local landslides, collapses, and rockfall
disasters during mining; it is essential to identify and
control areas that are vulnerable to rockfalls.

2.3 Hydrogeological characteristics

The mine falls within a hilly plateau of a
hydrogeological area that is characterized by a dry climate
with slight precipitation and intense evaporation. The rainy
season is mainly from July to September. The annual
rainfall is 233.7 mm, and the annual evaporation is 2,646.2
mm. The lithology of the ore field and the surrounding
strata are dominated by clastic rocks with a slightly soluble
material. A weathering fissure aquifer based on clastic rocks
exists only in a thin superficial stratum; the groundwater
type is vein water within a faulted structure crushed zone.
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Fig. 3 Interception position plane of calculation section in southwest stope

(a) Direct shear test

(b) Uniaxial compressive strength test

Fig. 4 Test process of mechanics strength parameters or rocks (Tao et al. 2020)

Therefore, as a whole, the ore field is basically not
influenced by rainfall and groundwater (Zhu et al. 2020,
2021c).

3. Stability analysis of a slope in the Changshanhao
open-pit mine

3.1 Selection of calculation section slopes

According to the distribution of rock strata, the north
and south sides of the southeast stope can be divided into 13
sections for calculation. These sections are along the main
axis of the stope with an average interval of 150 m. The
north and south sides of 13 cross-sections were selected as
the research object to study the slope stability. The north
and south sides of the slope were studied to easily evaluate
the main instability area of the slope, preventing the
negligence or omission of some sliding areas in the design
process. The specific section selection is shown in Fig. 3.

3.2 Analysis of numerical simulation

A direct shear apparatus and uniaxial compressive
strength testing machine were used to study the mechanical
properties of rock samples that were retrieved from the
mining area, and the mechanics strength parameters of the
rocks were determined (Figure 4).

3DEC software was used to analyze the slope stability

of 13 cross-sections, and the initial crack growth may be
ignored in this case. The parameters of the slope model
were set (Table 1) according to the mechanical properties of
the field slope rocks, and all of the experiments followed
the rock mechanical test code recommended by the
International Society of Rock Mechanics and Rock
Engineering (ISRM). The displacement calculation results
of 13 cross-sections are shown in Fig. 5.

(1) According to the stability analysis of the slopes of
the W1-W 14 sections, the areas are located at a U-shaped
mouth on the west side of the southwest stope. The slope
stability is relatively stable under the current mining
pattern, and there is no large-scale sliding failure.

(2) By calculating the stability of the slopes of the W5—
W7 sections, it is found that the areas are located at the 450
m range on the west side of the stope middle line. There is
no large-scale sliding under the current mining conditions,
and only the upper parts of the W6 and W7 sections show
shallow sliding with a damage depth of 7 m.

(3) Through the calculations of the slope of the W8
section, it is found that the area is located in the middle of
the southwest stope. The lower slope foot on the north side
is a combined fractured zone, and an extrusion fracture zone
with a damage depth of 10 m appears in the slope.

(4) From the analysis of the slopes of the W9-WI1
sections, it is found that the areas are located at the 450 m
range of the east side of the stope middle line. There is no
large-scale sliding failure under the current mining
conditions.
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Table 1 Rock strength parameters in the 3DEC calculation model of the Changshanhao mine

Material code lithology Density/kg'm™  Bulk modulus (GPa)  shear modulus (GPa) Cohesive force (MPa) Friction angle (°)
Q Quaternary 2000 51.53 21.08 1.50 45.00
FH Weathering layer 2560 42.61 26.81 2.30 48.00
r Granite 2600 140.11 72.24 11.00 56.00
B4 Andalusite schist-1 2840 117.13 65.95 12.00 49.00
B3-3 Black quartzite 2282 97.99 70.75 12.50 51.00
B3-2 Andalusite schist-2 2840 139.96 70.25 11.90 52.00

Fine-grained

B3-1 2750 137.13 69.95 13.50 51.30
sandstone-1

B2-2 Dimica quartz 2845 81.05 68.32 14.20 54.00

schist

B2-1 Andalusite schist-3 2842 80.53 63.69 18.20 55.00

Bl Fine-grained 2748 121.62 71.93 15.60 56.00
sandstone-2

h3 Limestone 2830 137.13 69.95 16.40 54.00

(5) By calculating the stability of the slopes of the W12 the U-shaped mouth on the east side of the southwest stope.
and W13 sections, it is found that the areas are located at Under the current conditions, there is no large-scale sliding

Il)ilpll(‘eﬂwnl magnitudel

' 7.3618E+400

1.1437E-09

(a) Displacement contour of W1 section slope

Displacement magnitude
2.3504E-01
2.2000€-01
2.0000E-01
1.8000E-01
1.6000E-01
1.4000E-01

I 1.2000E-01
B 1.0000E-01
8.0000E-02
6.0000E-02
4.0000E-02
2.0000E-02
2.2493E-10

(b) Displacement contour of W2 section slope

IDisplacement magnitude
2.5880E-01
2.5000E-01
2.2500E-01

2.0000E-01

1.7500E-01
1.5000E-01
1.2500E-01
1.0000E-01
7.5000E-02
5.0000E-02
2.5000E-02
7.5198E-10

(¢) Displacement contour of W3 section slope

Displacement magnitude|
2.9408E-01
2.7500E-01
2.5000E-01
2.2500E-01
2.0000E-01
1.7500E-01
1.5000E-01
1.2500E-01
1.0000E-01

7.5000E-02
5.0000E-02
2.5000E-02

1.2405E-09

(d) Displacement contour of W4 section slope
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Fig. 6 Continued

Also, the degree of failure gradually decreased from the
fracture surface to the deep part, and this indicates that a
large-scale sliding failure may occur.

failure in the two sections. However, a sliding zone was
observed along the north side of the W13 section slope.
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(m) Displacement contour of W13 section slope

Fig. 6 Continued

From the above analysis, it was observed that the slopes
of the W1, W6, W7, W8, W9, and W13 sections have
vulnerable slope areas that have a great possibility of rock
collapse and occurrence of rockfalls. Overall, the slopes of
the W6 and WS sections are relatively prone to rockfalls
disasters. Therefore, the slopes of these two sections were
selected for evaluating the motion characteristics of
rockfalls using Rocfall software. Reasonable corresponding
control measures were used to prevent and control rockfalls,
and the effectiveness of the control measures was
determined using Rocfall.

4. Motion characteristics and prevention methods
for rockfalls

Under the influence of weathering, rainfall, and mining
activities, rockfall disasters in the Changshanhao mining
area are frequent, as shown in Fig. 6. Thus, it is essential to
use effective methods to control rockfall disasters.

4.1 Definition of coefficients of restitution

When a rockfall collides with the slope (Fig. 7), the
COR can be defined as Eq. (1) according to the theory of
inelastic collision (Zhu et al. 2019):

[2
V. — 1
COR V1 ( )

where V; (m/s) is the incident velocity value before the
collision and V> (m/s) is the rebound velocity value after the
collision.

The kinematic COR can be divided into normal and

tangential parts. In practice, the normal (R,) and tangential

(R)) coefficients of restitution are widely defined as follows:
— /2 = V2

Rn = Vn1 R = Vt1 @

where V,; and V,,; are the normal parts, and V;; and V;; are

the tangential parts of a rockfall’s velocity before and after
the collision, respectively (all in m/s).

4.2 Simulation and analysis of motion characteristics
of rockfalls

Rocfall is a computer program based on the motion and
collision theory (Yilmaz et al. 2008). Rocfall software
specifies the material attributes of a slope and determines
the starting position, quantity, and quality of rockfalls. The
path of rockfalls can be then calculated. The kinetic energy,
velocity, and jumping height of rockfalls at each point of a
selected section can also be calculated. Rocfall can also be
used to assist in determining protective measures. The
material of each section of slope can be changed, and
analysis to compare the results can be conducted using
Rocfall. Therefore, Rocfall was used in this research to
explore the movement characteristics of rockfalls and to
assess the rationality of protective measures.

Andalusite schist is the main rock mass in the slope of
the Changshanhao mine, and its lithology is relatively hard.
Also, the energy dissipation layer consisting of gravel with
a diameter of 10-30 cm is laid on the platform below the
initial motion point of rockfalls, reducing the COR of the
platform surface. According to the engineering geological
conditions of the Changshanhao mine and the empirical
value of COR in some projects (Koleini et al. 2011,
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Fig. 7 Distribution of rockfalls in Changshanhao open-pit mine

Vi rockfall
A/N/nl
V

Fig. 8 Motion model of rockfall

Table 2 COR recommended by the Ministry of Railway in China

Slope surface features Normal COR R, Tangential COR R,
Slope surface is smooth and hard 0.37-0.42 0.87-0.92
Slope surface mostly is bedrock and conglomerate 0.33-0.37 0.83-0.87
Hard soil slope 0.30-0.33 0.80-0.83
Soft soil slope 0.28-0.30 0.78-0.80

"4 Initial motion position
,of rockfalls

N Initial motion position
@ of rockfalls

\
<

(b)

Fig. 9 Selected area for motion analysis of rockfalls (a) W6 section slope and (b) W8 section slope

Saroglou et al. 2012), referring to the normal and tangential hard slope surface was 0.42, and the normal standard
COR recommended by the Transport Bureau of the Ministry deviation was 0.04. The tangential COR (Rf) was 0.92, and
of Railway in China (Table 2), the basic parameters of this the tangential standard deviation was 0.04. The friction
calculation are as follows: The normal COR (Rn) of the angle was 32 degrees. The normal COR (Rr) was 0.35, and
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Fig. 11 Motion characteristics of rockfalls on W6 section
slope under normal circumstance: (a) landing distribution
and (b) bouncing height and total kinetic energy

the normal standard deviation was 0.04. The tangential
COR (Rr) was 0.85, and the tangential standard deviation
was 0.04. The friction angle was 30 degrees.

The left side of the slopes of the two sections was
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Fig. 12 Motion characteristics of rockfalls on W8 section
slope under normal circumstance: (a) landing distribution
and (b) bouncing height and total kinetic energy

selected to analyze the motion characteristics of rockfalls
(Fig. 8). The parameters of each section of slope were set
according to the actual geological situation of the field.
According to the results from the analysis of slope stability,
the position of the initial motion of rockfalls was assumed
to be at a 125 m horizontal distance from the current slope
top (W6 section slope) and at a 209 m horizontal distance
from the current slope top (W8 section slope).

According to the field distribution of rockfalls, it was
assumed that 50 rockfalls moved from the position of the
initial motion. The average mass of the rockfalls was 35 kg,
and the standard deviation was 1 kg. The pseudo-random
method was used in the numerical simulation of rockfall.
The motion trajectories of rockfalls on the slopes of the W6
and W8 sections are shown in Figs. 9 and 10.

As shown in Figs. 9 and 10, a large number of rockfalls
accumulated on the working platform at the bottom of the
stope, and this severely affected the safety of the mine.
Therefore, protective measures are needed to control
rockfalls. In the motion of rockfalls, the landing
distribution, bouncing height (H, the height of a rockfall
relative to the slope surface), and total kinetic energy (J) of
rockfalls are important parameters for determining the
location and type of protective measures. Therefore, this
study focuses on the evaluation of these parameters. The
landing distribution, bouncing height, and total kinetic
energy of rockfalls in W6 and W8 section slopes are shown
in Figs. 11 and 12, respectively.
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Fig. 13 Motion characteristics of rockfalls on W6 section
slope after using protective methods (a) Motion
trajectory, (b) Landing distribution and (c¢) Bouncing
height and total kinetic energy distribution

The bouncing height and total kinetic energy are
important parameters of the motion characteristics of
rockfalls. As seen in Figs. 11(b) and 12(b), the kinetic
energy and bouncing height of rockfalls on the slopes of the
W6 and WS sections are relatively large during rolling. The
total kinetic energy curve continuously increases when the
rockfalls move from the top of the slope. However, the
bouncing height is very small, and this indicates that the
rockfalls are in the sliding stage at this time. Before the
collision between the rockfall and mass of the slope rock,
the total kinetic energy curve gradually increases. After
collision, the rockfall rebounds and rises. The kinetic
energy is transformed into potential energy, and the total
kinetic energy curve of the rockfall decreases. Overall, the
location of rockfalls on the slope of the W6 section is
higher than those on the slope of the W8 section. The
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Fig. 14 Motion characteristics of rockfalls on W8 section
slope after using protective methods (a) Motion
trajectory, (b) Landing distribution and (c¢) Bouncing
height and total kinetic energy distribution

potential energy of rockfalls on the slope of the W6 section
is relatively high. Thus, the rockfalls have high kinetic
energy and a high bouncing height during rolling.

4.3 Effects of control methods

Usually, it is easier to intercept rockfalls by setting a
protective net near the initial motion point of rockfall.
However, in actual engineering, it is difficult to build high
protective nets to control rockfalls that have high kinetic
energy because of the high cost and complex construction
of protective nets. A lot of waste rocks are produced during
mine expansion. This method uses waste rocks, which lay
on a platform below the initial moving point of rockfalls, as
an energy dissipation layer. This reduces the COR of the
platform surface when rockfalls move through the platform.



450 Chun Zhu, Manchao He, Zhigang Tao, Qingxiang Meng and Xiaohu Zhang

Fig.15 Interception effect of a platform paved with a
gravel cushion for rockfall disasters

Therefore, laying a gravel cushion that consists of gravel
with a diameter of 10-30 cm on a platform below the initial
motion point can effectively reduce the kinetic energy and
bouncing height and improve the safety of a mine. Laying a
gravel cushion can also avoid the cost of transporting waste
stones, which provides some economic benefit.

Because the platform with a gravel cushion in the W6
section slope is relatively narrow, two platforms below the
point of the initial motion were paved with a gravel
cushion, and a 3-m protective net was built at the rear edge
of the second platform to guarantee the safety of workers
and equipment. Although the potential energy of rockfalls
in the W8 section slope is relatively low, the platform was
paved with a gravel cushion below the point of the initial
motion without a retaining wall. After using protective
methods, the achieved trajectory of motion, landing
distribution, bouncing height, and total kinetic energy of
rockfalls are shown in Figs. 13 and 14.

From a comparison of numerical results before and after
using protective methods, it was found that the total kinetic
energy and bouncing height of rockfalls decrease after a
gravel cushion was laid. Also, the landing position of
rockfalls is closer to the point of the initial motion. For the
W6 section slope, after rockfalls pass through two platforms
paved with gravel cushion, the bouncing height of rockfalls
at a 208 m distance from the slope top is 0.35 m with a
kinetic energy of 3673 J; these can be easily intercepted by
a 3-m protective net located at a 220 m distance from the
top of the slope. For the W8 section slope, the rockfalls
were finally intercepted after they passed through a
platform paved with a gravel cushion. The bouncing height
(H) and total kinetic energy (J) finally became zero. This
proves that the protective methods are effective at
controlling rockfall disasters, guaranteeing the safety of
workers and equipment on the working platform.

4.4 Results verification

To validate the effectiveness of the proposed prevention
method, a typical slope in open-pit mines is selected as a
testing area. The upper area in the slope is seriously
weathered and prone to collapse, and platforms with a width
of 2-4 m were excavated. Under an artificial disturbance,

many blocks fell onto the working site. During the mine
expansion process, many waste rocks are produced. These
waste rocks were broken into small sizes particles and laid
on platforms as a protective cushion. Many rockfalls are
intercepted on the platform paved with the gravel cushion,
and there are basically no rockfalls that roll down to the
working site, as shown in Figure 15. The prevention
methods make use of waste rocks that are produced in the
mine expansion process; this reduces the prevention costs
and solves to some extent the problem of dump
accumulation. This approach keeps workers and equipment
away from the threat of rockfall and greatly improves the
work efficiency of the open-pit mining industry.

5. Conclusions

In this study, the slope stability of the Changshanhao
open-pit mine was analyzed to identify the high-incidence
area of rockfalls. Also, the rationality and reliability of
measures used to control rockfalls were verified using
Rocfall software. The following conclusions can be drawn:

(1) Through slope stability analysis of each section of
the Changshanhao open-pit mine, the vulnerable slope area
was determined, especially for the W6 and W8 slopes, and
the dangerous rock mass in the vulnerable area was serious.
Thus, the vulnerable slope area is considered to be a high-
incidence area of rockfalls, and the unstable rock mass in
these areas should be reinforced to prevent rockfalls from
the source.

(2) Rocfall software was used to simulate the motion
trajectory of rockfalls; 16 rockfalls stopped on the working
platform in the W6 slope, and 3 blocks stopped on the
working platform in the W8 slope. The total kinetic energy
(), bouncing height (H), and landing distribution position
of rockfalls during rolling were determined. In the W6
slope, the maximum value of H is 10.8 m, and the
maximum value of J is 10544 J. In the W8 slope, the
maximum value of H is 9.28 m, and the maximum value of
J is 8813 J. This provides a reliable reference for
determining different protective measures and their control
effects.

(3) According to the different positions of vulnerable
slope areas, different treatment measures are proposed. For
vulnerable slope areas that are at a higher position, it is
advisable to lay a gravel cushion on the lower platform to
reduce the kinetic energy and bouncing height of rockfalls
and to build a protective net at the rear edge of platform for
double protection because of the high potential energy. For
vulnerable slope areas that are at a lower position, an
excellent control effect can be achieved by only laying a
gravel cushion on the lower platform. After setting
prevention methods, the maximum value of H was 4.75 m,
and the maximum value of J was 6019 J in the W6 slope;
the maximum value of A was 9 m, and the maximum value
of J was 7596 J in the W8 slope. Also, all of the rockfall
was intercepted above the working platform. The rationality
and effectiveness of these methods were verified via
numerical simulation. This work provides a good basis for
scientific prevention and control of rockfalls.
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