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*ere are various forms of clearance at the connection of various parts of the hydraulic support. However, the influence of
clearance has been ignored in various related research studies of the hydraulic support. In order to clearly grasp the accurate
impact contact response law between coal gangue and the hydraulic support, the radial clearance in the pin shaft connection
structure of the tail beam is considered for the first time in this paper. By constructing the theoretical contact model of the pin shaft
connection, the difficulty of studying the interaction between coal gangue and the hydraulic support through theoretical solution
is proved. On this basis, the finite element contact simulation analysis method is proposed to study the impact contact behavior
between coal gangue and the tail beam. *is paper constructed the finite element impacting simulation model between coal
gangue and the radial clearance-contained tail beam structure and carried out impact contact simulation between coal gangue and
the multiple clearance-contained tail beam structure as well as the changing clearance-contained tail beam structure, respectively,
and contact responses of the tail beam structure such as the spring stress, the pin shaft test point stress, acceleration, and velocity of
the tail beam test point under different working conditions are obtained. *e influence law of clearance on different contact
responses is studied, and the differences of contact responses after coal gangue impact between two clearance-contained tail beam
structures and three clearance-contained tail beam structures are compared and analyzed. Research results show that, in the
condition of multiclearance, the amplitude of each contact response when gangue is impacted is greater than that of coal. When
the radial clearance of the connection unit increases from 0 to 0.25mm, the overall fluctuation amplitude of the contact responses
decreases. In 3-clearance state, increase of the radial clearance size of the connection unit will lead to the increase of the spring
stress, the stress of the pin shaft test point, and the velocity of the tail beam test point gradually and the decrease of the acceleration
of the tail beam test point.*roughout the research, the vibration response of the pin shaft can be taken as coal gangue recognition
parameter. *e work provides a theoretical basis for the study of the influence law of clearance on hydraulic support and provides
a reference for the study of contact behavior between coal gangue and the hydraulic support.

1. Introduction

Hydraulic support is the important supporting equipment in
coal mining. In order to improve the service ability of the
hydraulic support, many research studies have been carried
out on the design, movement, and mechanical properties of
the hydraulic support, as well as its service performance. Xu
et al. [1] analyzed the force and motion characteristics of the

face sprag of the hydraulic support, and the coupling effect
between the face sprag and coal face is studied. Witek and
Prusek [2] studied the performance of the two-legged shield
support by numerical simulation and experimental test.
Wang et al. [3] investigated the stress and stability of the
double telescopic props of the hydraulic support. Xie et al.
[4] analyzed the space bearing characteristics of the top
beam of the four-pillar chock-shield support. Zhao et al. [5]
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studied the fatigue performance of the box-welded structure
in the hydraulic support. Ge et al. [6] investigated the
support attitude adjustment method of the hydraulic sup-
port groups during propulsion. Wang et al. [7] established
the mechanical model of the four-leg chock-shield hydraulic
support and analyzed its adaptability and influencing fac-
tors. Guan et al. [8] designed the new type of hydraulic
support with double parallelogram structure, and the dy-
namic response characteristics and the natural frequency of
the prop and the balanced jack are analyzed. Tian et al. [9]
designed a six-pillar backfilling hydraulic support, the dif-
ferential equations of its motion and state space model are
established, and the effects of disturbance frequency and
amplitude on the vertical vibration and roll and pitch vi-
bration of the top beam are studied. Szurgacz and Brodny
[10] investigated the dynamic response of the prop of the
hydraulic support under the impact of the falling body. A
series of research provides guarantees for the application of
hydraulic support in downhole. However, most of these
studies focus on the movement and stress of the hydraulic
support, reliability of the props, or the coupling effect be-
tween the hydraulic support and surrounding rock, and few
studies involve the influence of atypical structure assembly
parameters on the hydraulic support. In particular, there is
little research on the clearance of the hydraulic support in
the field of coal mining.

Clearance is widely existed in the mechanical structure,
and domestic and foreign scholars have carried out a lot of
in-depth research on the influence of the clearance nonlinear
factor on the mechanism. Starting with a two-dimensional
planar bar system, Ting et al. [11] studied the effect of the
joint clearance on the position and attitude deviation of the
connecting rod and manipulator and found that joint
clearance would lead to the uncertainty in the position and
direction of the mechanism. Wang et al. [12] studied the
dynamic response of the planar four-bar mechanism with
multiple clearance joints by theoretical modeling. Chunmei
et al. [13] established a single degree of freedom dynamic
model for the separation and collision process of the elastic
linkage mechanism, and the results show that the stability of
the mechanism with large radial clearance is much lower
than that of the mechanism without clearance. Yang et al.
[14] found that the clearance size was nonlinear and posi-
tively correlated with angular acceleration of the rocker and
the joint contact force through the research of the RSSR
mechanism. Flores and Ambrósio [15] believed that the joint
clearance is the source of impact force, and the joint
clearance will cause the abrasion of the joint and system
performance degradation. Zhang et al. [16] found that the
increase of the clearance value of the rotating pair will reduce
the motion precision of the mechanism through the research
of the parallelogram mechanism with clearance redundancy
constraint. Zhang et al. [17] studied the dynamic charac-
teristics of the 3-PRR planar parallel mechanism with
clearance and the wear characteristics of the kinematic pairs
through theoretical modeling. Shiau et al. [18] found that the
system dynamic response and the joint contact force will
increase with the increase of the joint clearance through the
nonlinear dynamic analysis of the 3-PRS series and parallel

mechanism. Li et al. [19] proposed a theoretical model of the
planar space deployable mechanism with revolute joint
clearance and studied the influence of the clearance and
parameter uncertainty on its motion accuracy and dynamic
performance. Erkaya and Uzmay [20] studied the influence
of the joint clearance on the vibration and noise charac-
teristics of the slider-crank mechanism, and the research
showed that the clearance would lead to the degradation of
the vibration characteristics and the deterioration of the
dynamic performance of the mechanism and the increase of
the clearance would lead to the increase of the vibration
noise level and amplitude. *rough the research of 3-RRR
parallel mechanism, Zhang et al. [21] found that the node
clearance had great influence on the displacement, velocity,
acceleration, and driving moment of the platform, and the
clearance would lead to the nonlinear vibration of the
mechanism. Qiu et al. [22] found that the collision force of
the clearance would accelerate the damage of the hinge
through the research on the performance of windsurfing.
Song et al. [23] proposed the modular dynamic modeling
method to establish the theoretical model of the 3-RRR
planar parallel mechanism and studied the influence of the
kinematic pair clearance on the dynamic performance of the
mechanism. Gu et al. [24] carried out the analysis of the
floating space manipulator, and the research results showed
that the joint clearance size would affect the output fluc-
tuation amplitude and frequency of the manipulator and
reduce its motion accuracy. Existing studies have fully
confirmed that the existence of the clearance will greatly
increase the dynamic characteristics of the mechanism and
the dynamic stress of the components, causing the nonlinear
vibration of the components and affecting the motion and
dynamic response of the mechanism.

Top coal caving hydraulic support is the typical multi-
body assembly mechanical structure, and it is composed of
multiple components such as the top beam, shield beam, tail
beam, base, prop, tail beam jack, and flashboard, as shown in
Figure 1.*e key connection units between each component
are mainly ball pair and pin shaft connection. *e field
survey results of the production enterprises show that, due to
the limitations of machining accuracy and assembly con-
ditions, the radial assembly clearances ranging from 2mm to
10mm and transverse assembly clearances ranging from
6mm to 10mm exist in the connecting units of the pin shaft
and pin hole during the production of the hydraulic support.
As the important supporting part, the existence of the
clearance affects the stability, stress and bearing character-
istics, and posture control of the hydraulic support and will
bring a nonnegligible combination influence on its posture
and movement. At the same time, with the development and
progress of technology, many scholars in the field of engi-
neering proposed structural optimization [25], optimum of
algorithm [26–29], and the production process optimization
method to improve the production capacity and efficiency of
the series of engineering tools such as the equipment and
algorithms. In the field of mining, in order to promote the
optimization design and improvement of the hydraulic
support, the influence of clearance on the hydraulic support
must also be an in-depth exploration.
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*erefore, the factor of clearance must be taken into
account when the hydraulic support and its relevant series
of research are studied. However, most of the above studies
on the clearance of the mechanism are equivalent to the
planar mechanism or space bar system, and the mostly
adopted method is the theoretical modeling and then
numerical simulation by iterative solution in the ideal state,
in which the variation of the components’ mass and bearing
load with the position distribution is ignored in the re-
search process and the influence of the spatial structure on
the system dynamics is also ignored. Meanwhile, the
flexibility of the material is also not sufficiently considered.
*emethod of theoretical modeling is difficult to accurately
calculate the unknown process of the clearance contact,
such as the real-time variation of the contact process in-
formation, contact area, and contact point position.
*erefore, the above research method ignoring many
factors in the research will lead to the deviation between the
research results and the actual situation. In the research
relevant to the clearance of the hydraulic support, we
should seek a method to consider more influencing factors
and improve the research accuracy.

When we conducted the impact effect research between
coal gangue and tail beam of the top coal caving hydraulic
support in the relevant research of the hydraulic support, the
nonlinear factor of clearance is introduced for the first time
in this paper.*rough the theoretical modeling for the single
radial clearance connection unit of the tail beam and the
analysis of the multiple clearances-contained tail beam
structure, the difficulty for the system theoretical modeling
and solution is studied and the finite element contact
simulation is determined as the research method. On this
basis, for further research on the interaction law between
coal gangue and the multiple clearances-contained tail beam
structure, the 3D finite element impact simulation model
between coal gangue and the clearance-contained tail beam
structure is established, and the impact contact simulation
under the conditions of multiple clearances and variable
clearances were conducted, respectively. *en, impact
contact dynamic characteristics between coal gangue and the
clearance-contained tail beam structure with different
conditions are compared and analyzed. Finally, the influence
law of the clearance to the contact response and the contact
response differences of the impact between coal and gangue
are obtained.

2. Difficulty Analysis for the System Theoretical
Modeling and Solution

According to the definition of L-N nonlinear spring
damping contact force model, the normal contact force
between a sphere and a plane is composed of theoretical
elastic force and damping force. *e model can be expressed
as follows [30–32]:

PN � K · δn
+ Dn · δ

·

, (1)

where K is the contact stiffness, n � 3/2, Dn is the damping
coefficient, δ is the normal compression deformation, δ

·

is the
normal contact velocity, and e is the restitution coefficient.

Among them, the contact stiffness KW between external
contacted objects can be expressed as [33–35]

KW �
4

���
RW



3E
, (2)

E �
1 − ]21

E1
+
1 − ]22

E2
, (3)

RW �
R1R2

R1 + R2
. (4)

*e contact stiffness KN between internal contacted
objects can be expressed as [36–38]

KN �
4

���
RN



3πE
, (5)

RN �
R1R2

R1 − R2



. (6)

According to the modified Coulomb law, the tangential
contact force [39–41] of the internal contact can be
expressed as

Pt � −cfcdPNsgn vt( , (7)

in which

cd �

0, vt


< v0,

vt


 − v0

v1 − v0
,

1, vt


> v1,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v0 ≤ vt


≤ v1, (8)

where R1, E1, and ]1 and R2, E2, and ]2 are the radius, elastic
modulus, and Poisson’s ratio of at the contact point between
two objects, respectively, E is the equivalent elastic modulus,
RW and RN are the equivalent contact radii of the external
contact and internal contact, respectively, cd is the dynamic
correction coefficient, cf is the frictional coefficient, v0 and
v1 are given bounds for the tangential velocity, vt is the
relative tangential velocity between the contact surfaces, and
|vt| is the relative tangential speed.

Prop

Base

Top beam
Shield
beam

Tail
beam

Jack

Flashboard

Figure 1: Assembly body of the top coal caving hydraulic support.
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Tail beam is mainly connected with the hydraulic support
through the pin shaft. Among them, there are radial and
lateral clearances at the connection units between the shield
beam and the tail beam, between the tail beam and the tail
beam jack, and between the tail beam jack and the shield
beam. In order to simplify the analysis, ignoring the structure
of the flashboard, the other parts of the hydraulic support are
equivalent to the equivalent structure with the same support
function to the tail beam, and the equivalent tail beam
structure is obtained. *e two-dimensional contact model of
its radial clearance is shown in Figure 2.*e outside clearance
between the tail beam and the equivalent structure is defined
as point 1, and this single clearance is taken as the research
object. If we only consider the contact behavior at this
clearance, it is formed by connecting an axle hole of the tail
beam with two lugs of the equivalent structure through a pin
shaft. As shown in Figure 3, under the impact of coal gangue,
the tail beam will impact and contact with the pin shaft at a
certain speed, and then the pin shaft will obtain a movement
speed and impacts on the two lugs of the equivalent structure.

When coal gangue particles impact on the tail beam,
according to equations (1)–(4), the normal force between
them is

PPTn � KPT · δn
PT + DPT · δPT

·

, (9)

among which

KPT �
4

����
RPT



3EPT

,

EPT �
1 − ]2P

EP

+
1 − ]2T

ET

.

(10)

*e contact surface of the tail beam can be equivalent to
a sphere with an infinite radius, i.e., RTM⟶∞, so the
equivalent contact radius between coal gangue particles and
the tail beam is

RPT � RP. (11)

*e tangential force when coal gangue impacts the tail
beam is

PPTt � fPT · PPTn. (12)

*erefore, the combined force between coal gangue and
tail beam is

PPT


 �

��������������

PPTn( 
2

+ PPTt( 
2



�

�������

1 + f
2
PT



PPTn


, (13)

where KPT, EPT, and fPT are the contact stiffness, equivalent
elastic modulus, and frictional coefficient between coal
gangue particles and the tail beam, respectively, RP is the
radius of coal gangue particles, EP, ]P, and ET, ]T are the
elastic modulus and Poisson’s ratio of coal gangue particles
and the tail beam, respectively, δPT is the normal contact

compression between the particle and the tail beam, and δPT

•

is the normal instantaneous contact velocity between the
particle and the tail beam.

If the force and motion at the clearance are uniform,
according to equations (5)–(6), the contact stiffness between
the tail beam and the pin shaft is

KTz �
4

���
RTz



3πETz

, (14)

in which

ETz �
1 − ]2T

ET

+
1 − ]2z

Ez

,

RTz �
RTRz

RT − Rz

.

(15)

*e normal and tangential contact forces between the
tail beam and the pin shaft are

FTzn � KTz · δn
Tz + DTz · δTz

·

,

FTzt � −cfTzcdT z KTz · δn
Tz + DTz · δTz

·

 sgn vTt( .
(16)

Based on this, the value of the total force between the tail
beam and the pin shaft is

FTz


 ��

��������������������

1 + cfTzcdT zsgn vTt(  
2



FTzn


, (17)

where DTz and ETz are the coefficient of restitution and
equivalent elastic modulus between the tail beam and the
pin shaft, RT and Rz are the radii of the tail beam shaft
hole and the pin shaft, Ez and ]z are the elastic modulus
and the Poisson’s ratio of the pin shaft, δTz is the normal
contact compression between the tail beam and the pin
shaft, δTz

·

is the normal instantaneous contact velocity
between the tail beam and the pin shaft, cdT z is the dy-
namic correction coefficient of tail beam and the pin
shaft, cfTz is the frictional coefficient between the tail
beam and the pin shaft, and vTt is the instantaneous
tangential relative contact velocity between the tail beam
and the pin shaft.

Under the action of the tail beam, the unilateral normal
and tangential contact forces between the pin shaft and the
equivalent structure are

FzEn � KzE · δn
z + DzE · δz

·

,

FzEt � −cfzEcdzE KzE · δn
z + DzE · δz

·

 sgn vzEt( .
(18)

Based on this, the value of the total force between the pin
shaft and the equivalent structure is

FTz


 � 2 ·

��������������������

1 + cfzEcdz Esgn vzEt(  
2



FzEn


. (19)

Among them, contact stiffness between the pin shaft and
the equivalent structure is

KzE �
4

���
RzE



3πEzE

, (20)
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in which

EzE �
1 − ]2z

Ez

+
1 − ]2E

EE

,

RzE �
RzRE

RE − Rz

,

(21)

where DzE and EzE are the coefficient of restitution and
equivalent elasticmodulus of the tail beam and the pin shaft,RE

is the radius of the pin shaft hole of the equivalent structure, EE

and ]E are the elastic modulus and Poisson’s ratio of the
equivalent structure, δz is the normal contact compression of
the pin shaft and the equivalent structure, δz

•

is the normal
instantaneous contact velocity between the pin shaft and the
equivalent structure, cdz E is the dynamic correction coefficient
of pin shaft and equivalent structure, cfzE is the frictional
coefficient between the pin shaft and the equivalent structure,
and vzEt is the instantaneous tangential contact velocity be-
tween the pin shaft and the equivalent structure.

If only a single clearance at the tail beam structure is
considered, its first contact process and the contact force
model can be described above. However, the tail beam
structure is axisymmetric. *ere are three clearance con-
nection units on each side and six clearance connection units
in total. When coal gangue impacts on the axle wire of the
upper metal plate of the tail beam, as we can learn from
Figure 4, the load of the different contact points (such as
contact-p1, contact-p2, and contact-p3 and contact-p4,
contact-p5, and contact-p6) is different, which will cause the

nonuniformmotion of the pin shaft. It is difficult to estimate
the nonhomogeneous forces and the nonhomogeneous
motion of the pin shaft, so it is difficult to describe and
model it theoretically. *is is the first difficulty in the the-
oretical research of the impact contact behavior between coal
gangue and the clearance-contained tail beam structure.

Meanwhile, the structure contains multiple clearances:
the contact behaviors among the multiple clearances will
affect each other, which further increases the complexity and
difficulty of the theoretical modeling of the multiple
clearances-contained tail beam structure, and it is difficult to
clearly differentiate its motion and action stages. *is is the
second difficulty in the theoretical research of the system
impact contact behavior.

Finally, the interaction forces of the clearance connec-
tion element cannot be consumed by a single collision; thus,
the contact between the different parts of the clearance does
not just happen once and end, but in a short continuous
process of contact. Each clearance connection unit is
composed of the pin shaft and the other two parts, but the
contact between the pin shaft and the other two parts is not
synchronized. Every reciprocating contact behavior will
accompany the change of the contact position and contact
status, and the complex change of the contact pair number
and continuous contact number caused the unpredictability
in the state of the system response after the multiple
clearances-contained tail beam structure is impacted by coal
gangue. *is is the third difficulty in the theoretical research
of the system impact contact behavior.

Point 1

Dxz
Dxk

Figure 2: Tail beam structure and its radial clearance structure.

Blue indicator lines are in the xy plane
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Figure 3: Contact process of the single independent clearance point 1.
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From the above analysis, it is extremely difficult to
analyze the interaction between coal gangue and themultiple
clearances-contained tail beam structure theoretically.

3. Establishment of the Impact Contact
Simulation Model between Coal Gangue and
theClearance-ContainedTailBeamStructure

Contact behavior and interaction process between coal
gangue and the clearance-contained tail beam structures
are complex, which leads to the difficulty of its
theoretical solution. However, it is inevitable that there
are many clearances in the tail beam structure during
assembly. If it is equivalent to the two-dimensional plane
mechanism to the theoretical modeling, though it can be
realized, the working conditions are too simplified and
idealized and the calculation results of the plane model
are too deviated from the actual conditions. At the same
time, in the impact and contact process between coal
gangue and tail beam or the different parts of the
clearance, it is accompanied by the local large defor-
mation at the contact position of the contactants, rapid
increasing and strengthening of the transient stress, and
compression vibration of the hydraulic oil in the cyl-
inder, etc. *ese complex real behaviors will be ignored
in the theoretical process; therefore, even if it is possible
to build a theoretical model, the pure theoretical cal-
culation results are also not accurate. *e finite element
contact analysis can consider more factors than the
theoretical modeling in the process of contact; contact
parameters between the contact objects such as contact
stiffness in the finite element will change in real time with
the continuation of the contact process; and it can solve
and simulate the unascertainable problems in the contact
process such as the contact interface size, position,
contact state, and contact conditions in the contact
process of the transient impact and can effectively
simulate the local large deformation and mechanical
characteristics of the contact area. With the advantage of
virtual reality, the dynamic impact contact process of the
3D stereoscopic structure model between coal gangue
and the multiclearances-contained tail beam structure

can be simulated and analyzed more precisely. Based on
the realization difficulty of the theoretical modeling and
solution, the finite element contact simulation method is
adopted to analyze the system impact contact behavior of
the multiclearance structure in this paper.

In order to clarify the influence law of the pin shaft radial
assembly clearances on the dynamic response of the tail
beam structure after the impact of coal gangue under the
impact dynamic load, this section will carry out the impact
contact simulation analysis of coal gangue and the clearance-
contained tail beam structure in the Abaqus simulation
platform. *e nonlinear contact behavior of the pin shaft
and the contact response characteristics of the clearance-
contained system induced by the impact of coal gangue on
the tail beam structure under the conditions of multiple
clearances and variable clearances will be studied.

*e hydraulic oil in the tail beam jack has great in-
fluence on the system response. *e parameters that have
the greatest influence on the liquid under stress are the
stiffness and damping of the liquid.*e other parameters of
the hydraulic oil certainly have an influence on its per-
formance, but they have little influence on the impact
contact response between coal gangue and the clearance-
contained tail beam structure. It is extremely difficult to
directly simulate the compression and give in to pressure
characteristics of the liquid in the finite element software,
but the spring damping module can realize the simulation
of the compression and pressure boosting characteristics,
force transfer, and vibration attenuation characteristics of
the hydraulic oil. *erefore, in this paper, the tail beam jack
is equivalent to the spring damping module with the same
stiffness. In order to add the spring damping module, the
main structure of the tail beam jack is cancelled, and only
the top end of the piston rod and the bottom of the cylinder
are retained. *e simulation model of coal gangue and the
clearance-contained tail beam structure is shown in
Figure 5. A very small clearance is reserved between the
sphere and the upper metal plate of the tail beam when
modeling. *e pin shaft and the pin shaft hole are defined
as the center axis alignment.*e 3Dmodel is imported into
Abaqus to mesh the model. *e hexahedral mesh can
improve the calculation accuracy.*erefore, the sphere and
the upper metal plate of the tail beam and all the pin shafts

p1

p4 p6

p5p3p2

Figure 4: *e nonuniform force and disorderly motion of the pin shaft.
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are divided into the hexahedral mesh. *e remaining parts
(including the equivalent structure) are divided into the
tetrahedral meshes so as to save the simulation operation
time. In order to reduce the coupling calculation difficulty
of the finite element mesh and the equivalent spring be-
tween the end part and bottom part of the tail beam jack,
the end part and the bottom part of the jack are both
divided into the tetrahedral mesh.*emodel after the mesh
is shown in Figure 5(a).

*e material parameters for the sphere and the tail beam
structure are defined, respectively. *is paper aims to reveal
the influence law of clearances on the nonlinear motion of the
pin shaft, the impact contact response of the tail beam system,
and the system response differences after coal gangue impact.
*e material properties are defined as elasticity. *e specific
parameters are shown in Table 1. *e frictional coefficient
between coal gangue and the tail beam is set to 0.3, and the
frictional coefficient between the metal components is set to
0.2. Full constraints are imposed on the bottom surface of the
equivalent structure, and the contact parameters are defined
for the contact parts.*e velocity of 7.668m/s is applied to the
sphere, and five spring damping modules are evenly arranged
between the end face of the end part and the bottom part of
the tail beam jack to simulate the deformation and force
transmission of the tail beam jack under impact. *e position
of the spring is shown in Figure 5(b). Each spring has the same
equivalent stiffness. *e damping of the spring only changes
the response time and has no influence on the response
process, and in order to improve its stable speed, the spring
damping coefficient is set to 12000.

*e calculation model of the equivalent spring stiffness
with constant stiffness KQw and constant damping c of the
hydraulic cylinder is shown in Figure 6. Based on this, the
equivalent stiffness model of the tail beam jack [42, 43] is

KQw �
kq × kg

kq + kg

�
SH Dd − d( EGT

SH + lky Dd − d( EGT

. (22)

Among them, kq is the stiffness of the hydraulic oil (high-
pressure emulsion) inside the tail beam jack, kg is the

stiffness of the cylinder body of the tail beam jack, l is the
height of the liquid column of the hydraulic oil inside the tail
beam jack, and ky is the volume compression coefficient of
the emulsion, ky � 1/Er.

After further simplification, the stiffness model in this
paper can be calculated according to the following equation:

KQw �
SH Dd − d( EGTEr

SHEr + l Dd − d( EGT

. (23)

4. System Impact Contact Dynamic
Characteristics Analysis under the
Conditions of Multiple Clearances and
Variable Clearances

*e radial clearance of the connecting unit is set between the
tail beam and the tail beam jack and between the tail beam
jack and the equivalent structure to be 0.75mm. Radial
clearances of the connecting unit between the tail beam and
the equivalent structure are 0mm, 0.25mm, 0.5mm, and
0.75mm in diameter, respectively. *en, the contact sim-
ulation when the structure with two clearances and the
structure with three clearances are impacted by coal gangue
was completed, respectively. Extracted the stress of the
center spring, the stress of the pin shaft test point, the ve-
locity and acceleration data of the tail beam test point, re-
spectively, and the positions of the selected test points are
shown in Figure 7.

After the impact of coal particles, the changing curves of
the spring stress, the stress of the pin shaft test point, and the
velocity and acceleration of the tail beam test point within
the simulation time of 0.261 s are shown in Figures 8–11,
respectively.

When the radial clearance between the tail beam and the
equivalent structure is 0, the stress of the pin shaft test point
increases rapidly during the initial operation stage of the sim-
ulation and then gradually decreases. When there is a clearance
at the connecting unit, the stress of the pin shaft test point hardly
changes during the initial operation stage, but the stress value

Concentric
clearance

(a) (b)

Figure 5: Finite element simulation model with multiclearance. (a) Mesh and boundary conditions. (b) Position of the spring and damping.
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changes suddenly at a certainmoment. At this time, the pin shaft
collideswith the inner hole surface of the pin shaft hole at the test
point. When the radial clearance of the connecting unit between
the tail beam and the equivalent structure increases from 0 to
0.25mm, i.e., the structure changes from 2-clearance state to 3-
clearance state, the overall fluctuation amplitude of the spring
stress, the stress amplitude of the pin shaft test point, and the
acceleration and velocity amplitude of the tail beam test point are
all reduced. At 3-clearance state, as the radial clearance between
the tail beam and the equivalent structure connection unit
changes, the contact time between the pin shaft test point and the
inner hole surface of the pin shaft hole changes. As this clearance
size increases, the spring stress, the stress of the pin shaft test
point, and the velocity of the tail beam test point gradually
increases, while the acceleration of the tail beam test point
gradually decreases. *e changing rule of the amplitude of the
spring stress and the acceleration of the tail beam test point is not
affected by the sudden change of the clearance. When the
clearance size increases from 0 to 0.75mm, the amplitude of the

spring stress gradually increases, but the acceleration amplitude
of the tail beam test point gradually decreases. Comparing the
changing curves of the pin shaft test point and the velocity of the
tail beam test point in 2-clearance and 3-clearance states, when
the clearance size is 0.75mm, the velocity amplitude of the tail
beam test point in the 3-clearance state is greater than the
corresponding contact response in the 2-clearance state. And
when the clearance size in the 3-clearance state increases, the
difference of the stress amplitude of the pin shaft test point
between the 3-clearance state and the 2-clearance state gradually
decreases. It can be seen that the dynamic characteristics of the
system with clearances are affected by two factors, which are the
number of the clearances and the size of the clearances. When
the clearance size increases to a certain extent, it might com-
pensate for the change of the system response law caused by the
sudden change of the clearance number.

Figures 12–13 shows the contact response when coal
gangue impacts the tail beam structure in the multi-
clearance state, where the radial clearance between the

Table 1: Material properties of the simulation model with clearance.

Material Density (kg · m− 3) Elastic modulus (GPa) Poisson’s ratio
Coal 1380 2.20 0.28
Gangue 2800 34 0.3
Tail beam structure 7850 206 0.3
Tail beam Jack 7890 209 0.269

cKQw

Figure 6 Equivalent spring stiffness of the hydraulic cylinder.

(a) (b)

Figure 7: Test point positions of (a) pin shaft and (b) tail beam.
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tail beam and the equivalent structure in 3-clearance state
is 0.25 mm in diameter. It can be seen from the figures
that spring stress and the pin shaft test point stress are
greater than coal when gangue impacts on the tail beam
under 2-clearance and 3-clearance states. In 2-clearance
state, the amplitude of the spring stress during coal and
gangue impact is 21.4815 MPa and 75.7795 MPa, re-
spectively (Figure 12(a)), and the stress amplitude of the
pin shaft test point is 12.4 MPa and 20.1 MPa, respectively
(Figure 12(b)). *e ultimate stresses obtained by the
spring and the pin shaft test point when gangue impacts
the tail beam are 3.5276 time and 1.621 time than that of
coal, respectively, and the differences are 54.298 MPa and
7.7 MPa, respectively. In 3-clearance state, the spring
stress amplitudes when coal and gangue impacts the tail
beam are 44.94357 MPa and 106.869 MPa (Figure 13(a)),
and the stress amplitudes of the pin shaft test point are

1.58 MPa and 2.18 MPa (Figure 13(b)). At this time, the
ultimate stresses obtained by the spring and the pin shaft
test point when gangue impacts the tail beam are 2.3778
time and 1.3797 time than that of coal, and the differences
are 61.92543 MPa and 0.6 MPa, respectively. Based on
this, it can be seen that when the clearance-contained tail
beam structure is impacted by coal gangue, the contact
characteristics within the clearance (i.e., pin shaft) are
significantly different. *e differences in the contact
stress of the pin shaft will further cause the differences in
the movement and vibration characteristics of the pin
shaft in the pin shaft hole. *erefore, the vibration re-
sponse of the pin shaft can be taken as one coal gangue
recognition parameter. With the sudden change of the
system from 2-clearance state to 3-clearance state, the
difference in spring stress amplitude during coal gangue
impact increases slightly and the difference in stress
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Figure 8: Spring stress.
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Figure 9: Stress of the test point of the pin shaft.
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Figure 10: Acceleration of the tail beam test point.
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Figure 11: Velocity of the tail beam test point.
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amplitude of the pin shaft test point decreases. *e ratio
of the differences of the stress amplitude at the spring and
pin shaft test point when coal gangue impacted is both
reduced.

From the velocity and acceleration curves of the tail
beam test point in the figure, it can be seen that, in the entire
simulation stage, the difference of the velocity and accel-
eration of the tail beam test point after coal gangue impact
between 2-clearance state and 3-clearance state shows the
opposite trend. *e amplitude and variation range of the
velocity at the tail beam test point after the impact of gangue
under 2-clearance state is both smaller than that of coal.
However, the amplitude and variation range of the velocity
at the tail beam test point under 3-clearance state after
gangue impact is greater than that of coal. *e overall value
and amplitude of the acceleration at the tail beam test point

after the impact of gangue under 2-clearance state are
smaller than that of coal, while the overall value and am-
plitude of the acceleration at the tail beam test point after the
gangue under 3-clearance state are greater than that of coal.
From the overall view, the law of differences of tail beam
after the impact of coal gangue under multiple clearances
does not seem to be uniform. However, the impact contact
between coal gangue and the tail beam is completed within a
very short time in the initial stage of the simulation, and the
movement and dynamic responses of the tail beam caused by
the impact of coal gangue should be studied in this time
period. Taking the dynamic responses of the tail beamwithin
0.02 s as the research objects, in 2-clearance state, when coal
gangue impacts the tail beam, the velocity amplitudes of the
tail beam test point are 0.00449m/s and 0.01486m/s, re-
spectively (Figure 12(c)) and the acceleration amplitudes are
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Figure 12: Impact contact response difference of the 2-clearance system. (a) Spring stress. (b) Stress of the pin shaft test point. (c) Velocity of
the tail beam test point. (d) Acceleration of the tail beam test point.
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907.255m/s2 and 921.489m/s2, respectively (Figure 12(d)).
When gangue impacts the tail beam, the velocity and ac-
celeration amplitudes obtained by the tail beam are 3.3096
times and 1.0157 time than that of the coal and the dif-
ferences are 0.14411m/s and 14.234m/s2, respectively. In 3-
clearance state, the velocity amplitudes of the tail beam test
point are 0.00755m/s and 0.02007m/s, respectively
(Figure 13(c)) and the acceleration amplitudes are
735.254m/s2 and 841.027m/s2, respectively (Figure 13(d)).
*e velocity and acceleration amplitudes obtained by the tail
beam when impacted by gangue are 2.6583 times and 1.1439
time than that of coal and the differences are 0.01252m/s and
105.773m/s2, respectively. According to this, it can be seen
that the velocity and acceleration amplitude obtained by the
tail beam test point when gangue impacts in the

multiclearance state are both greater than that of coal.
Among them, as the system changes from 2-clearance state
to 3-clearance state, the difference in velocity amplitude of
the tail beam test point when impacted by coal gangue
decreases slightly, and the difference in acceleration am-
plitude increases significantly. *e ratio of the difference in
velocity amplitude of the tail beam test point decreases, but
the ratio of the difference in acceleration amplitude
increases.

*e obtained data also show that when the same
particle impacts the two clearance-contained tail beam
structure and three clearance-contained tail beam
structure, the amplitude of the stress obtained by the
spring and the amplitude of the vibration velocity at the
test point of the tail beam with 3-clearance state are both
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Figure 13: Impact contact response difference of the 3-clearance system. (a) Spring stress. (b) Stress of the pin shaft test point. (c) Velocity of
the tail beam test point. (d) Acceleration of the tail beam test point.
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greater than that with 2-clearance state. *at is, after the
system changes from two clearances to three clearances,
the bearing load required by the tail beam jack and the
vibration velocity of the tail beam of the three-clearance
system increases under the same impact statement.
According to this, the increase in the number of the
clearance will reduce the stability of the system, increase
the pressure supply requirements for the tail beam jack,
and thus reduce the working performance of the hydraulic
support. In order to improve the working performance of
the support, the clearance should be controlled.

5. Conclusions

As the multibody assembly device, multiple forms of clearance
exist in the hydraulic support structure. However, the effect of
its presence on the manufacturing and performance of the
hydraulic supports has never been studied. In order to clearly
grasp the dynamic response between coal gangue and the tail
beam structure, the nonlinear factor of clearance is introduced
for the first time in the relevant research of the hydraulic
support, and then the impact contact behavior between coal
gangue and the radial clearance-contained tail beam structure is
studied. *e following conclusions can be drawn:

(1) *rough the theoretical analysis for the impact
contact behavior between coal gangue and the
multiclearance-contained tail beam structure, it is
extremely difficult to research the system interaction
by the theoretical modeling and solution, and the
finite element contact simulation is selected as the
research method.

(2) Under the condition that the other two clearances
were 0.75mm, the finite element impact contact
simulation was carried out for the clearance between
the tail beam and the equivalent structure is 0,
0.25mm, 0.5mm, and 0.75mm, respectively. When
the radial clearance of the connection unit between
the tail beam and the equivalent structure increases
from 0 to 0.25mm, the overall fluctuation amplitude
of the spring stress, the stress amplitude of the pin
shaft test point, and the acceleration and velocity
amplitudes of the tail beam test point all decrease.

(3) In 3-clearance state, with the increase of the radial
clearance size of the connection unit, the spring
stress, the stress of the pin shaft test point, and the
velocity of the tail beam test point gradually increase,
but the acceleration of the tail beam test point
gradually decreases.

(4) Comparing 2-clearance and 3-clearance state, the
velocity amplitude of the tail beam test point under
the 3-clearance state when the clearance size is
0.75mm is greater than the corresponding contact
response in 2-clearance state, and the difference of
the stress amplitude of the pin test point between 3-
clearance state and 2-clearance state decreases
gradually with the increase of the clearance size of 3-
clearance state.

(5) In the condition of multiclearance, the amplitudes of
the spring stress, the stress of the pin shaft test point,
and the velocity and acceleration obtained by the test
point of the tail beam when gangue is impacted are
all greater than that of coal. *e contact difference in
pin shaft is obvious, which can be used as coal
gangue distinguishing parameter.

(6) When the same particle impacts the tail beam
structure, the amplitude of the spring stress and the
amplitude of the vibration velocity at the test point of
the tail beam with 3-clearance state are both greater
than that with 2-clearance state. *e increase in the
number of the clearance will reduce the system
stability and increase the pressure supply require-
ments for the tail beam jack and reduce the working
performance of the hydraulic support.

*e research will provide the theoretical basis for the
clearance-contained hydraulic support.
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cluded within the article.

Additional Points

(1) *e clearance is introduced into the related research
of the hydraulic for the first time, and the influence of
clearance to the system contact responses is studied

(2) Impact contact simulation between coal gangue and
the multiple and variable clearance-contained tail
beam structure is carried out, and contact response
difference after coal gangue impact is compared with
different clearances system
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