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Hydraulic support is the key support equipment for underground coal mining. The frequent impact load during the mining process easily 
causes damage to the hinge joints and reduces the stability of the hydraulic support. To improve the stability of the hydraulic support, a rigid-
flexible coupling numerical model of the support has been developed. The validity of the model is verified through the static loading test. Next, 
the impact loading test of the hydraulic support is carried out. The force response characteristics of the hinge joints and the vibration response 
characteristics of the leg system are discussed when both the canopy and goaf shield bear impact load. The results indicate that when only 
the canopy bears the impact load, the hinge joint of the front leg is the most sensitive (up to 139.4 %). When the impact load acts both on the 
canopy and goaf shield, the dynamic response of each hinge joint of the hydraulic support (except the rear leg) reaches the peak value. With 
the backward movement of the impact load on the goaf shield, the hinge joint force presents different pressure-relief characteristics.
Keywords: impact load, four-leg hydraulic support, double-impact, force transmission, numerical simulation

Highlights
•	 Taking the four-leg hydraulic support as the research subject, a rigid-flexible coupling numerical model of the support is 

established to investigate its dynamic behaviour.
•	 The dynamic response of the four-leg hydraulic support under no-impact, single-impact, and double-impact loads has been 

compared, proving the necessity of research on the dynamic behaviour of the four-leg support under double-impact loads. 
•	 By applying static load to the canopy, the static force response of the hinge joints and stiffness response of the support are 

analysed.
•	 By applying random impact load to the canopy and goaf shield, the dynamic response of the four-leg support under the double-

impact load is analysed. This study provides new research ideas and methods for the dynamic performance analysis of other 
mechanical equipment.

0  INTRODUCTION

Coal is the most critical primary energy source in 
China. Coal resources will still account for more 
than 54 % of China’s energy consumption by 2050. 
Therefore, in the foreseeable long term, the safe, 
efficient, and clean mining of coal resources will 
remain an important topic for the development of 
China’s coal industry [1] to [3].

Hydraulic support is the key support equipment 
to ensure safe underground coal mining. It is mainly 
used to support the roof and push the armoured face 
conveyor during the mining process, thus enabling 
a safe working space for underground mining. 
Therefore, the support stability of hydraulic support 
is one of the key factors that determine safe coal 
mining [4]. During the normal operation period, the 
hydraulic support mainly bears the static gravity 
load coming from the roof. However, in the periodic 
pressure stage, the violent movement of the roof 
will produce a strong impact load on the hydraulic 

support, deteriorate the stability of the support, reduce 
the support performance of the hydraulic support, 
and even damage the hydraulic support. Especially 
in recent years, with the continuous consumption of 
shallow coal resources, coal mining engineering has 
gradually been developed for the deeper parts of the 
earth, and the mining intensity and mining height have 
also been significantly improved. These all lead to the 
increase in the frequency and strength of the impact 
load acting on the hydraulic support, which puts 
forward higher requirements for the impact resistance 
performance of the hydraulic support [5] to [9]. The 
connection hinge joints of hydraulic support are the 
most sensitive structure to impact load. Therefore, 
studying the dynamic response characteristics of the 
hinge joint of hydraulic support under impact load is 
helpful in designing high-strength anti-impact support 
and ensuring the safety of underground mining 
operations.

Since the support performance of hydraulic 
support has a great impact on safe and efficient 
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mining, scholars throughout the world have carried 
out much research on it. At the level of the impact 
load formation mechanism, Wang et al. analysed 
the energy transformation relationship before and 
after the basic roof fracture. By establishing the 
catastrophe mathematical model of the basic roof, the 
influence of the fracture position on the roof impact 
load amplitude has been studied [10] and [11]. Though 
establishing the stope numerical model using UDEC, 
Liu et al analysed the harmfulness of rock burst under 
different impact velocities [12]. Tan et al. analysed 
the rock properties, coal rock height ratio, and other 
parameters on the occurrence frequency and strength 
of rock burst and proposed a new impact energy 
release index (considering time effect) and coal seam 
impact performance evaluation method. Based on 
this method, the impact load acting on the hydraulic 
support system under different geological conditions 
are obtained [13]. By establishing a two-dimensional 
plain model of the stope (including the hydraulic 
support structure) using FLAC, Singh and Singh [14] 
and [15] and Verma [16] analysed the strata behaviour 
and support performance in longwall mining. Based 
on this model, Singh obtained the optimal design 
criterion for hydraulic support capacity. However, the 
hydraulic support is regarded as a static support unit 
in their model, which cannot accurately describe the 
passive elastic support behaviour of hydraulic support 
[17]. To analyse the static support performance of 
hydraulic support, Marcin performed a numerical 
simulation and laboratory test on a two-legged shield 
support. By putting 24 small cylinders under the base, 
10 strain gauges, and 5 inclinometers on the support 
in the laboratory test, changes in base pressures, stress 
values, and geometries of the support during static 
loading were evaluated. This testing process is well 
reproduced in the numerical simulation [18]. Lin et 
al. [19] conducted a static simulation and experiment 
on a hydraulic support, by changing the contact 
mode between the pin and shaft hole, the effects of 
the boundary conditions on the stress distribution 
are discussed. He concluded that the bonded contact 
mode is the best way to simulate the experiment 
results. At the level of dynamic characteristic analysis 
of hydraulic support, Wang et al. [20] first proposed 
simulating the hydraulic support leg system by using 
linear elastic dynamic element and put forward the 
impact dynamic model of a leg-relief valve system. 
By introducing the parameters of real hydraulic legs, 
the dynamic response behaviour of the leg system 
under impact load is analysed. Based on this elastic 
equivalent assumption, Liang et al. [21] introduced 
the rigid-flexible coupling numerical analysis method 

to the hydraulic support and discussed the dynamic 
response characteristics of the hydraulic support. 
However, in his study, the yield characteristics of 
the relief valve of the leg system are not considered, 
and the leg system is regarded as a constant stiffness 
spring. On this basis, Meng et al. [22] and [23] 
further analysed the dynamic response of the two-leg 
hydraulic support under impact load after introducing 
the yield characteristics of the leg system. They 
pointed out that the stress state at the equilibrium 
jack of two-leg support is significantly reduced under 
the improved simulation scheme. Subsequently, 
Xie et al. [24] put forward the segmented stiffness 
characteristics of the hydraulic support leg system, 
including the two-stage stiffness equivalent method 
of the leg system. Based on this method, the load of 
the shield hydraulic support connection joints under 
the deep well dynamic load is obtained, and the base 
pressure distribution characteristics of the hydraulic 
support under this load is discussed [25] and [26]. Hu 
[27] established the mechanical model of the four-leg 
hydraulic support based on the D-Alembert principle 
and discussed the dynamic impact characteristics of 
the support on the connection hinge joints at different 
action speeds during its raising process. Ren et al. [28] 
firstly compared the credibility of the elastic equivalent 
rigid-flexible coupling numerical simulation method 
by building a 1:2 impact loading test bed. By applying 
concentrated impact load to the canopy of the shield 
support of the experimental test bed and numerical 
simulation model, respectively, the energy transfer 
and dissipation characteristics of the two-leg support 
system are studied. To obtain the adaptability of four-
leg hydraulic support with large mining height, Wang 
et al. [29] applied different impact loads to the canopy 
and goaf shield respectively, and the evaluation 
method of the canopy and goaf shield under impact 
is obtained.

By summarizing the literature, it can be 
determined that the current studies mainly focused on 
the formation mechanism of stope impact load or the 
static performance analysis of the hydraulic support. 
The few research studies related to the dynamic 
behaviour of hydraulic support mainly discuss the 
dynamic response characteristics of two-leg support 
when a single canopy or goaf shield is subjected to the 
external load. Due to the randomness of the roof load, 
the canopy and goaf shield of the hydraulic support 
may bear the impact loads of both. 

However, there is no literature referring to the 
dynamic response characteristics of four-leg hydraulic 
support when the canopy and goaf shield are subjected 
to the impact load both. Therefore, a multi-body 
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dynamic model of the four-leg hydraulic support 
based on rigid-flexible coupling is established in this 
study. By applying the initial static load on the action 
line of the legs and applying the double-impact point 
load at different positions of the canopy and goaf 
shield, the force response characteristics of the hinge 
joints and the vibration characteristics of the legs are 
analysed. This study helps to improve the strength 
characteristic analysis theory of hydraulic support 
under impact load and provides theoretical support for 
the structural design and optimization of anti-impact 
hydraulic support.

1  MATERIALS AND METHODS

1.1  Definition of Numerical Model for Four-Leg Hydraulic 
Support

The ZZ 18000/33/72 type four-leg large mining height 
hydraulic support is chosen as the research prototype 
(as shown in Fig. 1), where 1 is the canopy, 2 is the 
front leg, 3 is the base, 4 is the goaf shield, 5 is the 
rear bar, 6 is the front bar, 7 is the rear leg, a–c are the 
hinge joints between each part. The working height of 
the ZZ 18000/33/72 type support ranges from 3.2 m to 
7.2 m, and its rated working resistance is 18000 kN. 
During the working process, the canopy contacts the 
direct roof and bears the dynamic roof load directly. 
Then, the canopy transmits these loads to the goaf 
shield, connection bars and base through the hinge 
joints. Due to the frequent impact load, the hinge 
joints tend to bend and fracture easily (see Fig. 1).

Fig. 1.  ZZ 18000/33/72 type four-leg large mining height 
hydraulic support

In this study, the multi-dynamic software 
ADAMS is used to establish the rigid-flexible 
coupling model of the support. The operation height 
of the support is set to 7.2 m in the simulation model. 
The base is defined as rigid and bonded to the ground 

(the lower bottom surface of the base is constrained); 
the canopy, goaf shield, and the front and rear bars 
are defined as flexible using Hypermesh. The friction 
contact mode is adopted for the connection hinge 
joints to fully consider the dynamic behaviour (the 
friction coefficient is set as 0.3). The density, Young’s 
modulus and Poisson’s ratio of the structural parts is 
defined as 7860 kg/m³, 2.1e11 Pa and 0.3, respectively. 
The front and rear leg system are equivalently 
replaced using a spring-damper system; the stiffness 
of the legs are defined in Section 2.2. Based on the 
above definition, the numerical model of the four-leg 
support is finished, as shown in Fig. 2.

Fig. 2.  Rigid-flexible coupling model of the four-leg support

1.2  Stiffness Definition of the Leg System

The leg system equipped with the support usually 
adopts a double-telescopic type hydraulic cylinder. 
Then it is reasonable to regard the leg system as a 
series-spring system, as shown in Fig. 3, where 1 is 
the mobile column, 2 is the enclosed liquid in the 
second level cylinder, 3 is the second level cylinder, 4 
is the action sequence control valve, 5 is the enclosed 
liquid in the first level cylinder and 6 is the first 
level cylinder. At the initial time, the leg system rises 
and supports the direct roof under the action of the 
pump station (p0). Due to the existence of the action 
sequence control valve, the pressure of second level 
cylinder (p2) is significantly lower than that of the first 
level (p1), which leads to the variable stiffness of the 
leg system (p2 ≤ p1 < p0).

This variation process can be divided into three 
stages. In the first stage, the roof pressure begins to 
appear (p) since the support contact the direct roof. 
This pressure acting on the leg system is small at 
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this stage (p ≤ p2), and the leg system basically has 
no displacement, and its stiffness (k) is shown as 
infinite. As time goes on, the pressure acting on the 
leg increases with the roof settlement (p2 ≤ p < p1). 
Then the second level cylinder of the leg system 
starts to retract (the first level cylinder basically has 
no displacement), and the stiffness of the leg system 
is represented by the stiffness of the second level 
cylinder (k2). Finally, with the further settlement of 
the roof (p1 ≤ p), the first and second level cylinders 
of the leg system will retract both. At this time, the 
support stiffness shows the series stiffness of the 
double-telescopic cylinders. Therefore, the stiffness of 
the leg system can be expressed as follows

 k
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Fig. 3.  Stiffness equivalent diagram of the leg system

In Eq. (1), k1 is the stiffness of the first level 
cylinder, p0 is the rated working resistance of column 
system. For a single-telescopic hydraulic cylinder, its 
stiffness ks can be calculated using Eq. (2).

 k A ls= β .  (2)

In Eq. (2), A is the effective bearing area of the 
cylinder, β is the Bulk Modulus of the enclosed liquid 
(1.95×109 Pa), l is the effective length of the enclosed 
liquid. Table 1 shows the main parameters of the legs 
on the ZZ 18000/33/72 type support. According to Eq. 
(2), the stiffness of the first level and second level of 
the front leg is 12.5×104 kN/m and 6.42×104 kN/m, 
the stiffness of the first level and second level of the 
rear leg is 7.55×104 kN/m and 3.95×104 kN/m.

Table 1.  Main parameters of the legs

Cylinder parameter
Cylinder 

diameter [mm]
Rod diameter 

[mm]
Stroke
[mm]

Front 
leg

First level 400 280 1956
Second level 290 260 2006

Rear 
leg

First level 320 290 2076
Second level 230 210 2052

After determining the stiffness of a single double-
telescopic leg, a parallel bearing structure is formed 
between the front and rear legs, and the stiffness of 
the parallel bearing structure can be obtained using 
Eq. (3).

 K k ki fm
m

t

fn
n

s

=
� �
� ��
1 1

.  (3)

In Eq. (3), Ki is the stiffness of the parallel bearing 
structure at working period i, kfm is the stiffness of the 
front leg m, krn is the stiffness of the rear leg n, t and s 
is the number of the front leg and rear leg, respectively 
(t = s = 2). According to Eqs. (2) and (3), the stiffness 
of the four legs in the second stage and the third stage 
is 207,400 kN/m and 137,430 kN/m, respectively.

1.3  Static Loading Test

A static load test is carried out to test the validity 
and reliability of the established numerical model. A 
simulated roof that can move freely along the height 
direction of the support is arranged on the canopy. 
To reduce the influence of gravity, the simulated roof 
is slightly larger than the canopy, and the collision 
contact mode is set between the simulated roof and the 
canopy (as shown in Fig. 4). The static load is defined 
as 18,000 kN, and the loading time is 0.2 s to 1 s.

Fig. 4.  Static loading test of the four-leg support
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1.4  Dynamic Loading Test

Considering that the rated setting force of ZZ 
18000/33/72 type support is 12,000 kN, two active 
static loads F1 and F2 are used to simulate the setting 
force during the impact loading test process. The 
active static load is applied on the symmetrical side 
near the centreline of the legs. The position of the 
impact load (Fc and Fg) is selected from the canopy 
and the goaf shield at equal intervals (as shown in Fig. 
5, points X1-X6 and Y1-Y6). The amplitude of the 
impact load is set to 500 kN and the loading time is 
0.01 s (Fc = Fg = 500 kN). When simulating different 
loading conditions, the impact load acting on the top 
beam and shield beam is successively applied to X1-
X6 and Y1-Y6.

Fig. 5.  Stiffness equivalent diagram of the leg system

2  RESULTS ANALYSIS AND DICUSSION

2.1  Result Analysis of the Static Loading Test

Under this static load, the response results of the four-
leg hydraulic support are shown in Fig. 6. As can be 
seen, the contact force increased to 18,220 kN in 1.12 s 
and then remained stable. The contact force is slightly 
higher than the applied active load, which is caused by 
the simulated roof gravity. From 0 s to 0.2 s is the self-
weight balance period, the hydraulic support reaches 
the balance state under the gravity load of the canopy, 
and the length of the leg does not change. The distance 
between the upper and lower hinge joints of the front 
leg and the rear leg is 6302.00 mm and 6188.86 mm, 
respectively. From 0.2 s to 0.52 s is the active initial 
support (AIS) period; the second level cylinders of 
the front and rear legs reach the maximum value of 
this period under the impact force. The maximum 
AIS force of the front leg and the rear leg is 1313.9 
kN and 2087.9 kN, respectively. During this period, 
since the external load is less than the AIS force of 

the leg, the length of the leg shows no displacement. 
It can be noted from Fig. 6, the front leg retracts 0.07 
mm and the rear leg retracts 0.12 mm in this period 
(Since ADAMS does not allow transient load, this 
displacement will never be 0). From 0.52 s to 0.71 s 
is the passive initial support (PIS) period; the second 
level cylinder of the leg system begins to retract with 
stiffness k2. From 0.71 s to 1.00 s, the lengths of the 
front leg and rear leg decreases to 6272.7 mm and 
6157.0 mm, respectively. The contact force between 
the roof and the canopy increases to 12,976 kN; the 
working resistances of the front and rear legs reaches 
the rated initial support force of 3956 kN and 2532 
kN, respectively. The hydraulic support enters the 
rapid pressure rise (RPR) period. At this time, the first 
and second cylinder of the leg both retract. During 
this whole loading process, the front leg retracts 70.33 
mm while the rear leg retracts 71.91 mm. Overall, the 
response of the numerical model meets the expected 
definition well.
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Fig. 6.  Static response results of the support

Under this static load, the stiffness characteristic 
curve of the support is shown in Fig. 7. As can be 
seen, the hydraulic support model starts to show 
displacement (about 0.85 mm) in the AIS period. At 
this stage, the stiffness of the support is 3.7e8 kN/m 
(near infinity). Then the support enters the PIS period 
and RPR period gradually, the average stiffness of the 
support during the two periods is 194,100 kN/m and 
120,853 kN/m, respectively. Obviously, the stiffness 
of the support is less than the parallel stiffness of the 
four legs. This is due to the introduction of the hinge 
joints; the overall stiffness of the hydraulic support 
tends to decrease compared to the parallel stiffness 
of four legs. Furthermore, since the displacement 
stage stiffness of the front and rear legs is distributed 
at different time point (31.2 mm at the front leg and 
33.0 mm at the rear leg), the support stiffness does not 
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show obvious step decrease characteristics but shows 
a three-stage stiffness distribution that decreases 
gradually.
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Fig. 7.  Stiffness response results of the support

2.2  Dynamic Response of Hinge Joint a

When discussing the influence of impact load on the 
hydraulic support, to present the calculation results 
more clearly, X1-X6 (loading position of the canopy) 
and Y1-Y6 (loading position of the goaf shield) are 
defined as x-axis and y-axis coordinates to draw the 
force response surface of each hinge joint. While 
the dark yellow surface represents the steady-state 
response force of each hinge joint under the static load 
of 12,000 kN, the cyan surface represents the transient 
dynamic response force of each hinge joint when 
the canopy bears the impact load only, and the blue 
surface represents the transient dynamic response of 
each hinge joint when the goaf shield and canopy bear 
the impact load both. Meanwhile, in to describe the 
force response difference caused by the impact load 
clearer, the load variation coefficient λ is introduced 
to describe the load change rate at each hinge joint 
before and after impact load.

 �z
z

IF F Fz= qXq

Yq

Xq�� � � �, ,1 6  (4)

where λz is the load variation coefficient of hinge joint 
z, F z

Xq

Yq  is the transient response force of hinge joint k 
when point Xq of canopy and point Yz of goaf shield 
bear the impact load both, F z

Xq  is the steady-state 
response force of hinge point k.

The dynamic force response results of hinge joint 
a are shown in Fig. 8. When the canopy only bears 
static load, since there is no equilibrium structure 
between the canopy and goad shield of the four-leg 
support [21], the canopy load cannot be transmitted 
to the goaf shield effectively. Therefore, the load act 

at hinge joint a is rather small (basically stable at 
-92 kN). Then the impact load is applied to different 
positions of the canopy. The response force of hinge 
joint a decreases nearly linearly as the impact load 
moves along the canopy from the front end to back 
end, and the maximum load variation coefficient 
is about 5.04 %. The single canopy impact load has 
little influence on the hinge joint a (the slope of cyan 
surface in Fig. 8 is very small). When the canopy and 
goaf shield both bear the impact load, by observing 
the variation coefficient of the blue surface along any 
Y line, it can be noted that with the impact load of 
the goaf shield moving downward, the force variation 
coefficient of hinge joint a basically stablizes at 
5.04 %. That is, the introduction of goaf shield impact 
load does not influence the load variation coefficient 
formed by the canopy impact load. As the impact load 
moves forward to the front end of the canopy and goaf 
shield at the same time, the force variation coefficient 
of hinge joint a increases continuously. This load 
variation coefficient reaches the maximum value of 
47.82 % when the impact load is applied at the front 
ends of both the canopy and goaf shield.

Fig. 8.  Force response surface of hinge joint a

2.3  Dynamic Response of Hinge Joint b

The dynamic force response result of hinge joint b is 
shown in Fig. 9. When only the canopy bears static 
load, the force response of hinge joint b is stable at 
-3066 kN. This is much higher than that of hinge 
joint a, which means that the front bar bears a strong 
additional load at this time (the load does not come 
from the roof directly). Then the impact load is 
applied to the canopy only. As can be seen, the load 
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at hinge point b increases gradually with the forward 
movement of Fc, and the maximum load variation 
coefficient appears at the front end of the canopy 
(up to 61.81 %). When Fc and Fg are applied to the 
canopy and goaf shield both, the force response of 
hinge joint b increasing shows a gradually increasing 
pressure-relief characteristic as Fg moves downward. 
This pressure-relief effect reaches the peak value of 
-52.04 % when Fg is applied to the rear end of the goaf 
shield. By observing the variation coefficient of the 
blue surface along any Y line alone, it can be noted 
that the introduction of Fg does not significantly affect 
the variation coefficient that formed by Fc (basically 
stable at 52.02 %).

Fig. 9.  Force response surface of hinge joint b

2.4  Dynamic Response of Hinge Joint c

Fig. 10 shows the force response of hinge joint c. 
When only the canopy bears the static load, the force 
response of hinge joint c also bears a large additional 
load. The force response of hinge joint c is basically 
stable at 3158 kN, and the force direction is opposite 
to that of hinge joint b. This additional load will 
continue to increase as the impact load of Fc appears 
and moves forward along the canopy (from 8.71 % to 
65.6 %). When the canopy and goaf shield bear the 
impact load both and the Fg moves towards the rear 
end, the additional load at the rear bar shows a rapid 
attenuation trend. When Fg is applied to the rear end 
of the goaf shield, this attenuation trend reaches the 
maximum value of -95.56 %.

Fig. 10.  Force response surface of hinge joint c

2.5  Dynamic Force Response of the Legs

The legs are the main bearing structural of the 
hydraulic support, so that most existing studies 
believe that the stiffness of the hydraulic support can 
be approximated to the bearing stiffness of the legs 
[21]. Therefore, it is of great significance to discuss the 
force response of the leg system to analyse the overall 
force transmission characteristics of the support. 
Fig. 11 shows the force response results of the front 
and rear legs when the impact load is applied to the 
support. It can be noted from the figure that when 
only the canopy bears the static load, the front and 
rear legs bear 3719.2 kN and 2373.1 kN, respectively. 
When Fc moves forward along the canopy direction, 
the front leg load increases first and then decreases 
gradually (ranges from 139.34 % to -25.10 %), while 
the rear leg load decreases first and then increases 
gradually (ranges from -85.86 % to 73.94 %). Under 
the action of impact load Fc on the front end of the 
canopy, the front leg shows a pressure-increasing 
trend while the rear leg shows a pressure-relief trend. 
When Fc and Fg are applied to the support both, the 
front leg releases part of the load and shows pressure-
relief characteristics. The maximum load variation 
coefficient for the front leg is about -17.22 %. The rear 
leg shows a strong pressure-increasing effect, with the 
maximum load variation coefficient of 61.26 %, and 
the maximum load variation occurs at both the front 
end of the canopy and goaf shield. Obviously, the 
impact load Fg has a stronger influence on the rear leg 
load. Therefore, when the four-leg hydraulic support 
is in the front tilting bearing attitude, a backpressure 
structure can be placed at the tail end the goaf shield 
to improve the support performance of the rear leg. 
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reaches the maximum value of 13.3 ‰ (the difference 
between the maximum vibration displacement and 
the stable displacement and then divided by the initial 
displacement). The maximum displacement amplitude 
is 81.72 mm. With the backward movement of Fc, the 
vibration effect gradually decreases to -1.43 ‰. As 
the impact load moves backward, the displacement 
vibration trend of the rear leg is opposite to that of 
the front leg (gradually increasing from -5.07 ‰ to 
8.16 ‰). The maximum displacement amplitude of 
the rear leg is 50.14 mm. Obviously, the impact load 
Fc has a lower influence on the rear leg than that of the 
front leg.

3  CONCLUSIONS

To study the dynamic response of four-leg hydraulic 
support when the both canopy and goaf shield are 
subjected to the impacted, the rigid-flexible coupling 
numerical analysis model of the support is established. 
The spring-damper system is adopted to replace the 
leg system. By comparing and analysing the force 
response and vibration characteristics of the support 
under double-impact load at different positions, the 
load variation law of each hinge joint is obtained. The 
main conclusions are drawn as follows:
(1) Compared with the two-leg hydraulic support, 

the sectional stiffness characteristics of the four-
leg support are reflected in different bearing 
period during the bearing process. Therefore, 
the stiffness of the support shows a gradual 
three-stage distribution characteristic. Due to the 
introduction of the stiffness of the hinge joints, 
the overall stiffness of the four-support shows an 
attenuation trend relative to the two-leg support.

(2) When the impact is only applied to the canopy, 
since there is no equilibrium structure between 
the canopy and goaf shield of the four-leg 
support, the dynamic load response of hinge joint 
b, hinge joint c, and the hinge joints of the legs to 
the impact load is significantly higher than that of 
the hinge point a. Among them, the load variation 
coefficient of the front leg is the most sensitive to 
the impact load Fc (up to 139.4 %).

(3) When the canopy and goaf shield bear the impact 
load both, the hinge points of the support reach 
the peak response force (except the rear leg). 
With the backward movement of the impact 
load Fg, the force response of the hinge joints 
presents different pressure-relief characteristics, 
and the rear bar shows the strongest pressure-
relief characteristics of 95.56 %. Meanwhile, 
the rear leg shows a strong pressure-rising effect 

Then the phenomenon of the rear leg pulling out can 
be prevented.

a) 

b) 
Fig. 11.  Force response surface of the legs;  

a) front leg; and b) rear leg

2.6  Displacement Vibration Analysis of the Legs

When the support is subjected to the impact load, the 
support will produce large vibration due to the short 
duration time and severe load change characteristics 
of impact load. Therefore, the vibration characteristics 
of the front and rear leg system is discussed separately 
in this section when the impact load Fc is applied to 
the canopy of the support. During the leg vibration 
characteristic testing process, the 12,000 kN static load 
is also applied to the canopy firstly, then Fc is applied 
to the canopy at 1.5 s. The influence of the action 
position of Fc on the vibration characteristics of the 
leg system is observed, the results are shown in Fig. 
12. When Fc is applied to the front end of the canopy, 
the displacement vibration effect of the front column 
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(the pressure-rising coefficient is about 61.26 %). 
Therefore, when the four-leg support forms 
a front-tilting bearing attitude, it is helpful to 
solve the problem of pulling out the rear leg by 
applying a certain backpressure at the tail end of 
the goaf shield.

a) 

b) 
Fig. 12.  Vibration response of the legs; a) front leg; and b) rear leg

(4) When the impact load Fc is applied to the front end 
of the canopy, the displacement vibration effect 
of the front leg reaches the strongest (the peak 
fluctuation reaches 13.3 ‰). With the backward 
movement of the impact load, the vibration effect 
decreases. The further the external impact load is 
from the leg, the longer stability time of the leg 
system takes.
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