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Abstract: Rockfall disasters have long restricted the further improvement of the safety level of steeply
dipping coal seams (SDCSs). When a rockfall disaster occurs, it causes damage to the hydraulic
support and other equipment at the working face. An effective way to carry out protection design is
using the law of rockfall migration and energy evolution. Therefore, this study used the polyhedral
rockfall migration and its impact process on the hydraulic support equipment of the working face
as the research object and analyzed the influence of relevant parameters on the maximum contact
deformation, maximum impact force, and energy absorption of the column during the collision and
contact between the rockfall and the hydraulic support column. Firstly, with hexahedral rockfall
as an example, the migration process of rockfall was simulated using PFC3D software. Secondly,
according to the Hertz contact theory, the contact model of the shock process between the rockfall
and the hydraulic support column was constructed, and the maximum deformation and maximum
impact force of the collision contact between the rockfall and the column were obtained. Finally, the
Hamilton principle and the Galerkin discrete method were used to construct the dynamic model of
the collision between the rockfall and the column, and the energy evolution law of the shock process
between the rockfall and the column was studied. The conclusions of this paper can provide a certain
theoretical basis for the prediction of rockfall disasters and the design of rockfall protection devices.

Keywords: steeply dipping coal seams; rockfall; hertz contact theory; energy dissipation; rockfall
disaster prevention

1. Introduction

Rockfalls on the ground are a common disaster phenomenon that could very easily
occur in the process of mining, which poses a great threat to human production and
life [1-4]. In addition to rockfalls on the ground, many recent examples have shown that
rockfalls can also occur in underground SDCSs. A SDCS refers to a coal seam with a
buried dip angle of 35-55°, which is recognized as a difficult coal seam in the mining
industry around the world. In recent years, great progress has been made in the theoretical
research, technical applications, and equipment development for steeply dipping coal seam
mining, and the basic safety problems of steeply dipping coal seam mining have been
solved. However, during the mining process of longwall working faces in SDCSs, large
gangue and large coal blocks are rolled and injured, and accidents destroying equipment
occur frequently, which seriously restricts the safe and efficient production of the mine.
Rockfalls have become a unique dynamic disaster and the main hidden danger in the
mining of longwall working faces in SDCSs [5,6]. Rockfall hazards in the long walls of
SDCSs also have a colloquial name: “flying gangue” hazards [7]. Accurate prediction of
the migration process of a rockfall and its collision with equipment is an important basis
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for the protection against rockfalls in SDCS [8]. The schematic of the trajectory in SDCS is
shown in Figure 1 [9].
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Figure 1. Schematic diagram of trajectory of rockfall. (a) Trajectory of rockfall along the inclination of

working face; (b) Boundaries of the rockfall in underground coal mines.

There is still a lack of in-depth research on rockfall disasters. However, after a long pe-
riod of exploration, scholars have still achieved certain results. Yongping Wu and Bosheng
Hu carried out laboratory simulations based on actual measurements of rockfall disasters
in the working face; they selected the impact energy and energy recovery coefficient to char-
acterize the damage, with the help of a high-definition camera and pressure sensors [10].
The evolution characteristics of impact energy under different working conditions were
analyzed by statistical principles. The impact energy and energy recovery coefficient were
fitted. According to the curve trend, the energy absorption of the equipment was taken as
the control object, and the energy absorption steep increase point and the extreme value
point were taken as the boundary to establish the risk discrimination model of rockfall
damage. According to the model, the grade of rockfall damage can be divided [11-13].
Based on the damage degree of a rockfall to people or equipment, Ming Liu selected three
dynamic variables of speed, angular velocity, and distance as the basis for judging the
threat of the rockfall to people or equipment. A dynamic Bayesian network model was
constructed using expert knowledge combined with the measured historical data of rock-
falls on the working face, and the dynamic observation node was selected according to
the Viterbi algorithm to obtain the dynamic threat level probability of a rockfall along the
whole working face [14]. Ming Liu and Yitong Zhou studied the normal impact motion of
spherical rockfall in the working face of a SDCS as the research background. Considering
the random influence of the impact motion parameters of rockfalls and based on the Hertz
classical elastic collision theory, the random factor method was used to establish the normal
impact motion model of rockfalls. Using the algebraic synthesis method and the moment
method for solving the digital characteristics of random variable functions, the mean and
variance expressions of the normal maximum impact force and the normal collision recov-
ery coefficient of rockfall were obtained [15]. Ming Liu and Jie Chen took the migration
process of arbitrarily shaped rockfall formed by roof fall in a SDCS working face as the
research object, and they provided a random shape rockfall generation method of irregular
polyhedrons based on an ellipsoid equation. Based on the geographic information system
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data, such as the contour line of the working face floor, a three-dimensional grid model
of the working face floor was established. Considering the randomness of the collision
recovery coefficient and friction coefficient between rockfalls and the working face floor,
Monte Carlo random simulation technology combined with the energy tracking method
(ETM) was used to simulate the random migration process of rockfalls in three-dimensional
mining space. The influence of parameter randomness on rockfall migration velocity,
angular velocity, and energy was analyzed [16,17].

From the current published literature, the research on rockfall impact on equipment has
only been carried out using laboratory simulations based on actual measurements of rockfall
disasters in the working face. However, these simulations lacked theoretical research on the
mechanism of rockfall impact on equipment. The field measurement statistics of rockfall
disasters show that when rockfalls damage equipment, this phenomenon mostly occurs on
the hydraulic support column, as shown in Figure 2 [7,11]. Therefore, this study took the
impact process of polyhedron rockfalls on the hydraulic support column in a SDCS as the
research object, introduced the Hertz contact theory model, deduced the formula of the
maximum deformation and the maximum normal impact force of the column, and used
the Hamilton principle and the Galerkin discrete method to construct a collision dynamics
model to study the energy evolution law of the support column under rockfall impact load.

2 Severldeformation

Large roughness

Figure 2. Rockfall impact damage to hydraulic support column.

2. Rockfall Separation Mechanism

Coal wall spalling is an important source of random separation blocks, and its counts
can reflect the number of random separation blocks [18,19]. In order to study the character-
istics of block separation in the initial failure stage of coal wall, a nine-month information
collection of coal wall spalling was carried out in a steeply inclined working face from
October 2012 to July 2013, the statistical results are shown in Figure 3 and Table 1, the
red mark in the diagram indicates that the coal wall spalling occurs at the corresponding
numbered support at this time node.
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Figure 3. Relationship between coal wall spalling and the working resistance of hydraulic support.
Table 1. Statistics of coal wall spalling and working resistance.
Items Lower Section Middle Section Upper Section Total
Counts of coal wall spalling (A) 118 375 150 643
Counts of working resistance greater than 6000 kN (B) 8 65 14 87
Counts of working resistance less than 1000 kN (C) 22 17 8 47
ANB 5 32 9 46
ANC 45 10.5 2 17
P1(ANB) 62.5 49.2 64.3 /
P,(ANC) 20.5 61.8 25.0 /

Through the analysis of the working resistance of the support in the lower part
(#1~#21), the middle part (#22~#42), and the upper part (#43~#62) of the inclined direction
of the working face, it can be seen that the event B mainly occurs in the middle part of the
inclined direction of the working face, followed by the upper and lower parts of the inclined
direction of the working face. Event C occurs in the lower part of the working face, as well
as the intersection area between the middle and the lower part. Through comprehensive
analysis of Figure 3 and Table 1, it can be concluded that the coal wall spalling has the
following characteristics: First, there are differences in the number of randomly separated
blocks in different regions of the steeply dipping coal seam stope. In the inclined direction
of the working face, the random separation block in the middle area accounts for 58.3% of
the total block, followed by the upper area of the working face (23.3%) and the lower area
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(18.4%). The distribution characteristics of event B and event A are the same. The frequency
of event C in the upper, middle, and lower parts of the working face is 17.0%, 36.2%, and
46.8%, respectively. It can be seen that the closer to the lower part of the inclined direction
of the working face, the greater the probability that the support load is less than 1000 kN,
and the number of randomly separated blocks is relatively small. Secondly, the stress of the
coal wall is closely related to the number of randomly separated blocks. The probability P;
of simultaneous occurrence of event B and event A in the upper, middle, and lower parts
of the working face is 64.3%, 49.2%, and 62.5%, respectively. In contrast, the correlation
between event C and event A was small, and the probability P, of simultaneous occurrence
in the upper, middle, and lower parts of the working face was 25.0%, 61.8%, and 20.5%,
respectively.

3. Particle Flow Method and Hertz Contact Theory
3.1. Particle Flow Code (PFC)

PFC, also known as particle flow theory, is a micro-computer program based on
particle flow theory that was proposed by Professor Peter Cundall [20]. It can effectively
solve complex micro-structure control problems, and it has good accuracy and stability.
Therefore, this study used PFC3D software to simulate the migration process of a rockfall
in the SDCS. In the whole analysis process, based on the force-displacement law and
Newton’s second law, the contact force of the contacted part is updated through the force—
displacement law. Through Newton’s second law, the position of the particles and the
wall is updated, and the contact relationship between the particles is readjusted. The two
alternates, iterate and traverse the entire particle set at a time step until the equilibrium
state is destroyed and the stable state cannot be maintained. The mechanical model is
shown in Figure 4, and the calculation process is shown in Figure 5.

contact surface

(a) (b)

Figure 4. Contact theoretical model (a) Two particles contact; (b) Particles contact with the wall.

force-displacement
relationship

force boundary
conditions

displacement boundary
condition

displacement

newton's second law

Figure 5. The schematic diagram of PFC iterative process.
In Figure 4, x;[4] and x;[P! represent the location of the center of the adjacent particles
A and B, respectively; d is the distance between particle A and particle B; U" is the overlap
between particles; R[4l and R[B! are the radius of particles A and B, respectively; n; is the
unit normal vector of the contact plane between two contacting particles; RI%! is the radius
of particle &; x;!<l is the contact point position.
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The two most basic elements in the particle flow model are the particle element and
the wall element. The particle element is the element that constitutes the material medium.
The wall element is the element used to generate the model boundary. The boundary
condition of the force cannot be directly applied to the wall element, and the boundary
condition of the displacement and force of the particle set can only be indirectly achieved
by applying the velocity.

Using the external particle import generation method and starting from a random point
in the particle filling range, the particles are gradually filled around the center. Assuming
that a dense disc particle system is constructed in a plane area, it is envisaged to gradually
expand and fill the entire area from one point and to refill the model boundary and pores
to increase the model density. After building the model, firstly, by introducing geometric
figures, the complex entities are constructed by establishing solid grids to construct a
surface wall model, and then the complex geometric figures are divided into multiple
regions through a continuous numerical model, and then each region is given different
attributes to simulate the system response under external forces.

3.2. Hertz Contact Theory

Through simulation using PFC3D software, the rockfall moves to the lower end of
the working face and collides with the hydraulic support column. This study modeled the
most dangerous situation, that is, the rockfall collides with the midpoint of the column [21].

The process of the collision between the hexahedral rockfall and hydraulic support
column is simplified to the Hertz contact model shown in Figure 6. According to the Hertz
contact theory, when a cylinder is in elastic contact with a plane, its contact area can be
simplified as a rectangle with length L and width 2a.

(b)

Figure 6. Hertz contact between cylinder and plane: (a) simulated diagram; (b) theoretical diagram.

The contact stress p is distributed in a semi-elliptical cylinder, and its value is

p(x) = a2 1)

ta2L

where x is the radial distance between the contact point and the contact center and F is the
external load. When x = 0, i.e., the central part of the contact area receives the maximum
contact stress, the formula of the maximum contact stress is

*
p_ 2 _ [FE °

mtaL TTRL
where E* is the equivalent elastic modulus; E* = E/(1 — 1/2); E is the elastic modulus; v is
Poisson’s ratio; and R is the radius of the cylinder.
According to the law of conservation of energy, when the rockfall with a mass m
collides with the column at a certain normal velocity v, if the collision system is in a
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completely elastic state during the whole collision process, the following formula can be
obtained [22,23]:

2

The formula of maximum displacement and maximum impact force of the vertical
collision between the hexahedral rockfall and the hydraulic support column is obtained by
combining the two formulas:

Lo? = /0 " p(8)ds @3)

1 _ 2mR2v? 2.2
e? (1+pr0ductlog[e ?E*L57T])L2 (—1 + prOdLlCtlag |:€ - iglFLSUﬂ:I )
Omax = — 7R (4)
%(71+productlog[ef ig’fzg’:])]

1+productlog[Lle _ _ 2mR?*v?
e P 312 ( 1+productlog[e Ei o

Pmax = R (5)

where the productlog function is the inverse function in the interval [—1/¢, +c0].

4. Energy Formula

From the boundary conditions of the column, it can be seen that the column is a
fixed beam at both ends, the mechanical model of rockfall impact on the midpoint of the
hydraulic support column is shown in Figure 7. When rockfall impacts the hydraulic
support column, kinetic energy T, potential energy U, and external virtual work W occur
on the surface of the column. The final energy calculation formula can be obtained through
the Hamiltonian principle and first-order Galerkin discretization.

rockfall
. —

First-stage cylinder Second-stage cylinder Live column

Figure 7. Mechanical model of rockfall impact on the midpoint of a hydraulic support column.

(1) Kinetic energy formula

s represents the distance between the root to the reference point before deformation,
and the geometric displacement after deformation is described by the orthogonal curve
coordinate system (, 7, {). Before deformation, the displacement r at the reference point
P(s) is given as follows:

r=si+(s)K (6)

where i and K are unit vectors along the x and z axes, respectively. The amount of
deformation A is shown below:

A (uo<s,t> - @(s)a“’gf”)w wols, Dk %

where 1((s, t) and wy(s, t) are the deformation of the reference point of the neutral axis of
the column along the x and z axes, respectively. After deformation, the displacement R at
the reference point is given as follows:

R=r+A= (s +ug(s, t) — @(s)W)i + (2(s) +wp(s, t))k (8)
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Finally, the kinetic energy formula T is obtained [24], as follows:

dR2 1/1 ., 1 I dRdR
T = / ) dV = 2<4 D1—4nD2)<0pdtdtds) )

where V, p, D1, D, and [ are the volume, density, outer diameter, inner diameter, and length
of the column structure, respectively.

(2) Potential energy calculation

The potential energy U can be given as follows:

% I
u= /0 Qu1(e11)’dV = ;(iﬂD%) </0 Q11€11€11ds) (10)

where Q1 is the elastic coefficient along the x axis. €17 is the strain of the column along
the x axis. In the potential energy expression, the dimensional unit of Q;; is equivalent to
the elastic modulus E, but E is the tensile elastic modulus of the real material, namely the
real steel material forming the cylindrical shell; Qy; is the cylindrical shell according to the
outer diameter, but for an equivalent solid cylinder, it becomes the elastic modulus of the
solid cylinder. For the convenience of solving the equivalent moment of inertia and the
equivalent moment of inertia of the equivalent solid cylinder, the material parameters of
the real material of the cylindrical shell are not used in the calculation of potential energy,
and Qq; is also used as the equivalent elastic modulus [25].

(3) External force virtual work

Based on Hamilton’s principle, kinetic energy, potential energy, and external virtual
work are introduced to obtain the following relationship:

ot ot
/ “S(T—Wydt+ [ 6Wdt =0 (11)
t

Ji 'tl

The virtual work of the external force by the damping force W can been simplified as

A [ dwo(s, 1) dwo(s, t)
W= A {/0 —Cdampzng( dt )ds]( dt )dt (12

where the damping coefficient ¢ ping is 1.

(4) Differential equations of motion

The corresponding equations dug (s, t) and dwy(s, t) are as follows:

d?ug (s, t)
dt?

0%uy(s, t)

A
+Qn 952

=0 (13)

d*wy (s, t) 02wy (s, t) wo(s f) dw(s, t)
mT ]Odtz T2 - Qul—3— Cdumping(dt) =0 (14

where m, A, Jop and I are the linear density, cross-section area, rotational inertia, and
cross-section moment of inertia of the beam, respectively.

(5) Galerkin discretization

Based on the boundary conditions of fixed beams at both ends, wy (s, t) can be writ-
ten as

) = iq)i(s)wi(t) 15)



Processes 2023, 11, 2497

90f19

where ¢;(s) can be written as

016 = (1) -cos(1) - [0 =20 o (1) - sn(1)) 10

where A; = (2i +1)7t/2.
When n =1, A1 = 4.710 can be obtained; when the first-order Galerkin dispersion is
carried out, the governing equation can be obtained as follows:

Pwi(f)  1.000008614C 0mping A1 — 500.5509646Q111 %

a2 1.000008614m! + 12.30251267J }

(17)

The above equation is the energy formula of the collision process between the rockfall
and the hydraulic support column.
The midpoint of the column at the initial moment satisfies the following formula:

wO(O.Sl, 0) = 5max = (p1(05l) . W1(0) = 1.588 ¢1(05:1) w1 (0) (18)

The above is the dynamic formula derivation process of the collision process between
the rockfall and hydraulic support column.

5. Numerical Simulation
5.1. PFC3D Software to Simulate the Process of Rockfall Migration

The parameters of this study were selected by referring to the geological conditions
of the 25,221 working face of the Aiweiergou 2130 coal mine in Urumgqi, Xinjiang, China.
Figure 8 is the horizontal projection of the contour line of the coal seam floor. From the
contour information in Figure 8, it was calculated that the color part is a SDCS. The region
was captured to establish a 3D model of the working face floor, as shown in Figure 9.

Figure 8. The contour lines of the working face floor.
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Figure 9. 3D model of the working face floor.

The property parameters of the regular hexahedral rockfall and the working face
are shown in Tables 2 and 3 [15]. The ETM method is widely used to simulate rockfall
migration on the ground slope and rockfall migration in underground SDCSs [16,17,26-30].
Therefore, this study used ETM to verify the accuracy of the simulation results from the
PFC3D software. The coal rock in the upper part of the working face was disturbed and
coal wall spalling occurred. After separating from the coal wall, the rockfall was formed,
and the free fall movement was carried out from the height of 3.27 m. The rockfall collided
with the working face floor after free-falling body movement, and the continuous collision
movement was carried out along the working face after the collision. The trajectories
simulated by the ETM method were compared, as shown in Figure 10. It can be seen that
the rockfall migration trajectories obtained by the two methods were basically the same.

Table 2. Property parameters of rockfall.

Density Elasticity Tangential Normal Poisson’s Ratio Friction Side
(kg/m®) Modulus (Gpa) Stiffness (N/m) Stiffness (N/m) Coefficient Length (m)
2500 1 1 0.28 0.2 0.3
Table 3. Property parameters of the working face.
Density . o Internal Friction Elasticity - . Working Face
(kg/m®) Dip Angle (*) Angle (°) Modulus (GPa)  Ctitical Damping Length (m)
2800 45 30 4.38 0.35 120

5.2. The Maximum Contact Deformation of the Collision Process between Rockfall and Hydraulic
Support Column

In order to meet the anti-eccentric load capacity and structural distortion under
a large inclination angle, the ZZ6500/22 /48 hydraulic shield support was selected for
modeling [31]. The material of the top beam, shield beam, and tail beam of the support was
16 Mn steel. The elastic modulus of the column was 208 GPa, the density was 7850 kg/m?,
and the Poisson’s ratio was 0.3. The parameters of the column are shown in Table 4. Taking
the migration process of rockfall simulated by the above PFC software as an example, when
the rockfall moved to the lower end of the working face and collided with the midpoint of
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the hydraulic support column, the mechanical model diagram is shown in Figure 7. Using
the dynamic equation of this paper, the wave diagram of the midpoint of the column is
shown in Figure 11. From Figure 11, it can be seen that the column stops vibrating when
it is close to 0.6 s after being impacted by rockfall. In this process, the impact energy of
rockfall was partially converted into the potential energy of column deformation, and then
the potential energy was partially converted into the kinetic energy of column vibration,
and finally, the vibration was stopped under the action of damping [24].

140
1 — ETM

120 —— PFC

[E—

S

e
1

vertical distance(m)

0 I T T T T T T T T T T
0 20 40 60 80 100

horizontal distance(m)

T

T
120
Figure 10. Rockfall migration trajectory image contrast diagram.

Table 4. Hydraulic support column parameters.

Type of Hydraulic

Diameter of Piston

Cylinder Cylinder Position Piston Diameter (m) Rod (m) Oil Cavity Length (m)
Column hydraulic First stage 0.250 0.235 1.310
cylinder Second stage 0.180 0.160 1.285

In order to study the influence of rockfall parameters on the impact process, the
parameters of rockfall are taken as the following interval values: The relevant parameters
of the rockfall are rockfall velocity v (4-6 m/s), rockfall side length L (0.2-0.3 m), rockfall
elastic modulus E (4-6 Gpa), rockfall density p (2000-3000 kg/m3). The upper and lower
ratios of the above parameters are the same, and the upper and lower ratios are 150%. The
maximum deformation dmax, maximum impact force Ppax, column absorption energy W,
and energy ratio of the collision process between the hexahedral rockfall and hydraulic
support column can be obtained from the numerical simulation [32-37].

The maximum deformation of the collision under different parameters is shown in
Figures 12-14. As shown in Figures 12-14, the maximum contact deformation of rockfall
was proportional to density p, side length L, and velocity v, and inversely proportional to
the elastic modulus E. It can be seen from Figure 12 that the influence of elastic modulus E
on the maximum contact deformation of rockfall was relatively small compared with the
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density p. Comparing Figures 12 and 13, it can be seen that the influence of side length
L on the maximum contact deformation of rockfall was greater than that of density p.
Comparing Figures 13 and 14, it can be seen that the velocity v has a greater influence on
the maximum contact deformation of rockfall than the side length L. Therefore, the order
of influence degree wasv > L > p > E.

2.0x10°
1.5x10°
1.0x10°°
5.0x107

= 0.0

-5.0x10™

-1.0x10°7

-1.5x107

-2.0x107° T T T T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 11. The wave diagram of the midpoint.

00087

0.0028 1 . —=— p,(2000kg/m’) 0.0027
0.0027 4 e —e— p,(2250kg/m’)
0.0026 —A— p3(2500kg/m )
2750kg/m’ 025
000257 i p423000kg/m3; v 4
p. g/m
E 0.0024- ’ Z 0002
i ‘/’éx 0023
£0.0023 20 i
0.0022 0.002
0.0021 - 0,002}
0.0020 00027
0.0019+—— . . . : 0.0019 3
4.0 45 5.0 55 6.0
E(Gpa)
(a) (b)

Figure 12. Influence of parameters on maximum deformation for elastic modulus vs. density:
(a) two-dimensional graph; (b) three-dimensional graph.



Processes 2023, 11, 2497

13 0of 19

0.0026 4

0.0024 4

0.0022 4

0.0020 4

Smax(m)

0.0018 1

0.0016 1

0.0014 4

—8—L,(0.2m)
e 1,(0.225m)
A L,(0.25m)

v L,(0275m)

-4 Ly(03m)
Ly

e

4.0

0.0030-
0.0028
_0.0026+
£
£0.0024
(2=
0.0022 -

0.0020

(a)

(b)

Figure 13. Influence of parameters on maximum deformation for elastic modulus vs. side length:
(a) two-dimensional graph; (b) three-dimensional graph.
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Figure 14. Influence of parameters on maximum deformation for elastic modulus vs.

velocity:
(a) two-dimensional graph; (b) three-dimensional graph.

5.3. The Maximum Impact Force of the Collision Process between Rockfall and Hydraulic
Support Column

The maximum impact force of the collision under different parameters is shown in
Figures 15-17. As shown in Figures 15-17, the maximum impact force was proportional to
density p, side length L, velocity v, and elastic modulus E. It can be seen from Figure 15
that the influence of elastic modulus E on the maximum impact force was relatively small
compared with the density p. Comparing Figures 15 and 17, it can be seen that the influence
of velocity v on the maximum impact force was greater than that of density p. Comparing
Figures 16 and 17, it can be seen that the side length L has a greater influence on the
maximum impact force than the velocity v. Therefore, the order of influence degree was
L>v>p>E.
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Figure 15. Influence of parameters on maximum impact force for elastic modulus vs. density:
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Figure 16. Influence of parameters on maximum impact force for elastic modulus vs. side length:
(a) two-dimensional graph; (b) three-dimensional graph.

5.4. Absorbed Energy of the Collision Process between Rockfall and Hydraulic Support Column

The absorbed energy is shown in Figures 18-20. As shown in Figures 18-20, the
absorbed energy was proportional to density p, side length L, and velocity v, and inversely
proportional to the elastic modulus E. It can be seen from Figure 18 that the influence of
elastic modulus E on the absorbed energy was relatively small compared with the density
p. Comparing Figures 18 and 19, it can be seen that the influence of side length L on the
absorbed energy was greater than that of density p. Comparing Figures 19 and 20, it can be
seen that the velocity v has a greater influence on the absorbed energy than the side length
L. Therefore, the order of influence degree was v > L > p > E.
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Figure 17. Influence of parameters on maximum impact force for elastic modulus vs. velocity:
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Figure 18. Influence of parameters on energy absorbed by column for elastic modulus vs. density: (a)
two-dimensional graph; (b) three-dimensional graph.

5.5. Energy Distribution of the Collision Process between Rockfall and Hydraulic Support Column

The proportion of the total energy absorbed by the column from the collision process
between the rockfall and hydraulic support column was analyzed. The effect of the
parameters on the energy absorption of the column from the hexahedron rockfall was
shown in Figure 21.
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Figure 20. Influence of parameters on energy absorbed by column for elastic modulus vs. velocity:
(a) two-dimensional graph; (b) three-dimensional graph.

The four parameters used the ratio of their minimum value to their maximum value
as the independent variable. The ratio of the energy absorbed by the column to the total
energy was the dependent variable. It can be seen from Figure 21 that when the ratio
between the parameter and its maximum value increased, the energy proportion decreased
accordingly, and the slope of the curve became gentler and gentler. The energy proportion
of the rockfall side length L was higher than that of the other parameters throughout the
whole range of values. The curves of density p and velocity v were very similar. When the
curves reached the endpoint, there was little difference between the values of side length
L, density p, and velocity v, which were much higher than the value of elastic modulus E.
The three curves of elasticity modulus E, velocity v, and density p intersected at the same
point with coordinates of (0.833, 0.101). When the coordinate interval was (0.667, 0.833), the
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order of energy proportion was as follows: L > E > v > p. When the coordinate interval was
(0.833, 1), the energy proportion was roughly sorted as follows: L > p > v > E. The energy
proportion sorting table is shown in Table 5.

Energy proportion
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Figure 21. Effect of the parameters on the proportion of energy absorbed by the column from the

hexahedron rockfall.

Table 5. Energy proportion sorting table.

X Axis Coordinate Interval Energy Proportion Sorting
(0.667, 0.833) L>E>v>p
(0.833, 1.000000) L>p>v>E

6. Conclusions

)

@)

®)

Through the statistical analysis of the measured random separation in the working
face, it can be seen that the mechanical state of the coal wall in the upper and lower
parts of the inclined direction of the working face has a strong correlation with
the number of randomly separated blocks, and the stress state of the coal wall in
the middle has a weak correlation with the number of randomly separated blocks.
According to the location of rockfall formation and the characteristics of rockfall
trajectory, the principle of rockfall control can be determined as follows: the upper
rockfall focuses on trajectory blocking, the middle rockfall emphasizes source control,
and the lower rockfall prevents secondary disasters. The lower part of the working
face is the core area of rockfall prevention and control, and the protection level should
be strengthened.

Through the field measurements and statistics of the damage to key equipment
in the working face, it was found that the frequency of damage to the hydraulic
support column was higher. Therefore, a contact model which can describe the
collision process between a polyhedron rockfall and hydraulic support column was
constructed in this paper, and the maximum deformation and maximum impact
force of the collision can be obtained. The results show that the rockfall velocity and
block degree of rockfall have the greatest influence on the maximum deformation and
maximum impact force.

In order to provide safer measures to protect against rockfall disasters, this study
modeled the most dangerous situation, i.e., the maximum contact deformation be-
tween the rockfall and the column was inflicted on the column. Therefore, this study
innovatively assigned the maximum contact deformation between the rockfall and
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the column to the initial displacement in the dynamic equation of the column, and the
evolution law of the energy absorbed by the column was studied when the rockfall
impacts the column. The results show that the rockfall velocity and block degree of
rockfall have the greatest influence on the energy absorption and maximum impact
force of rockfall. Measures should be taken to reduce the impact velocity of rockfall
and prevent the occurrence of large-bulk rockfall in SDCSs.

(4) Anaccurate description of the rockfall migration characteristics and energy dissipation
process in the process of rockfall impact forms the basis for the design of rockfall
protection devices. In practice, protection design can be carried out according to
the impact position of the rockfall and the energy dissipation characteristics in the
process of rockfall impact. The research results of this paper can provide a theoretical
basis for the placement of rockfall protection devices and the design of protection
device materials.
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