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Abstract 

Hydraulic support is an important piece of equipment in a fully mechanized mining face, and it is used 

to prevent the roof from falling out of control and protect the workers underground. The stability of 

hydraulic support under different conditions is related to security and must be taken seriously. To 

analyse the mechanical response of hydraulic support, a rigid–flexible coupling numerical analysis 

model of the face guard mechanism, which is part of hydraulic support, is established based on the 

multi-body dynamics software ADAMS. The equivalent spring is used to replace the face sprag ram to 

analyse the influence of the structural types of face guards on the stability of a coal wall under various 

coupling conditions with a coal wall. The support characteristics of the face guard mechanism are also 

explored. Results show that the errors of the contact characteristics of the face guard mechanism 

between the theoretical and numerical calculations are less than 3 %. Compared with the split face 

guard, the integral face guard exhibits greater flexibility and more favourable stability under different 

coupling states. The study provides a reference for optimizing face guards with hydraulic support. 
(Received in May 2021, accepted in August 2021. This paper was with the authors 1 month for 1 revision.) 
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1. INTRODUCTION 

Coal is an important resource, and as one of the largest coal-consuming countries in the world, 

China’s coal consumption accounts for 51.7 % worldwide [1]. As an important piece of 

equipment used in coal mining, hydraulic support provides essential guarantee to a safe and 

efficient mining environment. With the rapid advancement of mining technology and 

equipment and the gradual improvement of hydraulic support and surrounding rock coupling 

theory in recent years [2, 3], fully mechanized mining equipment with a large mining height, 

represented by hydraulic supports with a large mining height, has been widely used. However, 

production practice and theoretical analysis have demonstrated that coal wall spalling is 

affected by many factors, such as in situ stress distribution characteristics, coal strength, and 

supporting resistance [4, 5]. Among these factors, an increase in mining height weakens the 

stability of a coal wall with increasing frequency and depth of spalling, causing roof flaking 

[6]. This phenomenon leads to the further deterioration of mining conditions, restricting 

mining efficiency and may eventually trigger safety accidents [7]. 

      A reliable and stable hydraulic support for a large mining height is significant for reducing 

safety accidents and protecting underground workers. Therefore, the support capacity and 

mechanical response of hydraulic support under different support conditions are essential 

research topics. To analyse the steady and dynamic effects of different types of face guard 

mechanism on coal wall, a multi-rigid-body numerical model of a face guard plate is 

established on the basis of the multi-body dynamics software ADAMS. The rigid-flexible 
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coupling analysis model is established through the flexible replacement of each structural 

component of the face guard plate to compare the contact behaviour and overall stress 

characteristics of the two types of face guard and coal wall under different contact states. The 

findings of this study provide a reference for the structural design of face guards with 

hydraulic supports. 

2. STATE OF THE ART 

Hydraulic support is considered the key supporting equipment in a working face, and its 

support mechanism provides a horizontal supporting force to coal walls. Pang et al. [8] 

pointed out that the failure and instability of coal walls are affected by the properties of the 

coal bed, mining height, and other factors. Liu [9] analysed the control effect of hydraulic 

support and reported that the horizontal support force on a coal wall can improve its stability. 

Ge et al. [10] established a model of hydraulic support and the environmental surface; they 

indicated that the simulation method is feasible for simulating the adaptive process. 

Meanwhile, the simulation method has been proven effective for technology optimization in 

different fields [11]. Hu [12] proposed a cooperative double closed-loop control technology to 

ensure secure contact between the roof and the canopy; they determined that canopy posture 

can be controlled well by using the proposed method. Behera et al. [13] explored the stress 

distribution, failure characteristics, and horizontal displacement of a coal wall. They tested the 

critical value of stress when horizontal displacement occurred and found that the spalling of 

the coal wall probably occurs in the upper middle position of the working face. Verma and 

Deb [14] established a coupling model of hydraulic support and longwall panels by using 2D 

continuum finite element models; they identified depth as the most significant major effect in 

statistical models. Zeng et al. [15] established a hydraulic support model for obtaining pose 

and stress state variations under impact load. They determined that the force at the hinge point 

between the roof beam and the shield beam was the strongest. Witek and Prusek [16] analysed 

the bearing state of hydraulic support under different sizes and positions of applied external 

load by using the finite element method; the results of the numerical analyses were highly 

consistent with those of the laboratory tests. Liang et al. [17] explored the relationship 

between mechanical–hydraulic coupling rigidity and the parameters of a hydraulic cylinder. 

Islavath et al. [18] analysed the dynamic behaviour of the canopy and the hydraulic leg under 

different mining parameters by using the finite element method. Liu et al. [19] explored the 

mechanical characteristics of the face guard mechanism via numerical simulation and found 

that the face guard mechanism and ram exhibited different characteristics under varying roof 

pressures. 

      Through the aforementioned studies, the face guard mechanism is determined to be 

conducive to maintaining the stability of a coal wall. To date, however, only a few studies 

have investigated the support mechanism of a face guard. Many references have simply 

assumed that the face guard plate is a rigid body and developed a hypothesis on the ideal 

coupling state between a safe guard plate and a coal wall. In an actual working face, the coal 

wall is no longer flat after the shearer cuts the coal, resulting in varying contact behaviour of 

the face guard against the coal wall. Therefore, contact characteristics should be analysed in 

many cases. Apart from the static maintenance function, dynamic disturbance to the coal wall 

should also be considered. Therefore, theoretical and numerical simulation methods have 

been adopted to study the dynamic response of hydraulic support under different contact 

characteristics during coal mining to provide references for designing hydraulic supports. 

      The reminder of this study is organized as follows. Section 3 introduces the primary 

structure type of the face guard mechanism in field mining and the different contact 

characteristics of hydraulic support and coal wall. Section 4 simulates the working process of 
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the face guard mechanism and presents a comparative analysis of the mechanical 

characteristics of the face guard mechanism under different coal mining conditions. Section 5 

summarizes the conclusions drawn from the study. 

3. METHODOLOGY 

3.1  Two face guard mechanisms with hydraulic support 

At present, two major structural forms of hydraulic support are used in a large mining height 

working face: (1) the integral type and (2) the split type. In accordance with relevant 

parameters, numerical models are established using Creo software, as shown in Fig. 1. In this 

figure, No. 1 is the top beam, No. 2 is the telescopic beam, No. 3 is the first-level face guard, 

No. 4 is the second-level face guard, No. 5 is the third-level face guard, No. 6 is the telescopic 

beam jack, No. 7 is the first-level face guard jack, No. 8 is the second-level face guard jack, 

No. 9 is the third-level face guard jack, No. 10 is connecting rod A, and No. 11 is connecting 

rod B. The function and composition of the two types of face guard are basically similar. 

However, in the integral face guard structure with hydraulic support, four connecting rods are 

utilized to connect the first-level face guard with the telescopic beam. By contrast, the split 

type is connected by a simple hinge joint between the first-level face guard and the top beam. 

      
a) Numerical model of an integral face guard   b) Numerical model of a split face guard 

Figure 1: 3D models of the face guard mechanism. 

3.2  Numerical model of the face guard mechanism by using ADAMS software 

Importing the 3D models of the two types of face guard into ADAMS software is conducive 

to establishing a multi-rigid-body dynamic analysis model, as shown in Fig. 2. 

   
a) Integral face guard b) Split face guard 

Figure 2: Rigid body numerical analysis models of the face guard mechanism. 

      Defining the connection between integral and split face guards is basically the same with 

each structural member being considered a rigid body. The connection among the telescopic 

beam, face guard, face guard jack, and other components is defined as a rotating pair. The 
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first-level face guard jack is defined as a moving pair, and the different levels of face guard 

are defined as a fixed connection [20]. A driving force is applied to the rotating pair of the 

first-level face guard jack to control the extension speed of the two types of first-level face 

guard jack to reach 100 mm/s. Then, the results are analysed. 

      The friction coefficient of each connection is set to 0.3. The top beam, the shield beam, 

and other parts are supposed to be fixed to the ground to keep them static. All the levels of the 

face guard jacks are supposed to maintain a consistent model with the specific parameters of 

all the levels provided in Table I. 

Table I: Parameters of all the levels of face guard jacks. 

Item 
Cylinder diameter  

(mm) 

Rod diameter  

(mm) 

Effective resistance  

(kN) 

First-level face guard jack 125 90 490 

Second-level face guard jack 100 70 300 

Third-level face guard jack 80 60 190 

3.3  Theoretical analysis of the contact characteristics between the integral face guard 

and the coal wall 

The stress diagram of an integral face guard is shown in Fig. 3, wherein the coordinate system 

is established by setting the hinge point of the telescopic beam and the first-class retaining 

plate as the origin O. OA, OC, AB, and BC constitute a four-bar linkage mechanism, in which 

F1 is the force of the first-level face guard jack on hinge point B, F2 is the force of the second-

level face guard jack on hinge point E, and Fij is the force of point i on point j. The distance 

from point O to rod BC is L, and the distance from point O to rod AB is N. The distance of the 

extension line from point O to F1 is M, and the distance of the extension line from point D to 

F2 is K. yP is the vertical distance from the external load P to the corresponding hinge point O. 

θ is determined as the angle between the force and the horizontal direction of the first-level 

face guard jack, and α is fixed as the angle between the bar BC and the horizontal direction. 

On the basis of the preceding information, the mathematical model of the contact 

characteristics of the integral face guard is expressed as shown in Eq. (1). 
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      When the external load is in the first-level face guard, the value P1 can be obtained. When 

the external load P is in the second-level face guard, the maximum working resistance of the 

second-level face guard jack must be taken into account and it is supplemented by Eq. (2). 
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      According to the model size parameters of integral face guard, some corresponding 

coefficients are determined: M = 342.4 mm, N = 136.43 mm, K = 111.95 mm. The loading 

position of the external load P determines 100 mm < yP < 2100 mm, whereas yD = -1049.75 

mm, including the angle α = 24°. 

      In accordance with relevant parameters, the analysis results of the contact characteristics 

of the integral face guard are shown in Fig. 4. When the distance from the contact position to 
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the hinge point O of the face guard and the coal wall is less than 300 mm, the first-level face 

guard jack is in tension state. With the downward movement of the contact position between 

the coal wall and the face guard (regarded as the form of point contact), the first-level face 

guard jack is compressed. Thus, bearing capacity decreases gradually, with the maximum 

bearing capacity reaching 922 kN. Under the secondary retaining plate, bearing capacity is 

only 64 kN, indicating that the face guard force provided by the retaining plate to the coal 

wall is relatively small. 

   

Figure 3: Stress analysis diagram of    Figure 4: Theoretical values of the contact  

the integral face guard.   characteristics of the integral face guard. 

3.4  Theoretical analysis of the contact characteristics between the split face guard and 

the coal wall 

Fig. 5 shows the stress analysis of a split face guard. The first-level face guard and the top 

beam are simply hinged together. The ultimate support force at different positions of the 

midline can be obtained through the moment equation. A coordinate system is established 

with the hinge point of the first-level face guard and the top beam as the coordinate origin O. 

F1 denotes the force of the first-level face guard jack on point D, while F2 denotes the force of 

the second-level face guard jack on point B. The first-level face guard is not in contact with 

the coal wall during the working process; thus, we must only consider the external load at the 

second-level face guard and the maximum working resistance of the first- and second-level 

face guard jacks. 

   

Figure 5: Stress analysis diagram of the    Figure 6: Theoretical value of the contact  

split face guard.   characteristics of the split face guard. 

      When only the maximum working resistance of the first-level face guard jack is 

considered, the calculation formula is expressed as Eq. (3). 

yPLF = 111  (3) 

      When the stress of the second-level face guard jack is considered, it can be supplemented 

by Eq. (4). 
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      According to the model parameters of the split face guard, L1 = 229.65 mm, 

L2 = 239.95 mm, yA = -615.03 mm, 800 mm < yP < 2100 mm. To ensure the uniqueness of the 

variables, two jacks with a maximum working resistance of 490 kN are used for the first-level 

face guard, while two jacks with a maximum working resistance of 300 kN are used for the 

second-level face guard. Only the pressure state of the jack should be considered in the split 

face guard due to its structural characteristics. Therefore, F1 = 980 kN and F2 = 600 kN. As 

shown in Fig. 6, the change trend of the contact characteristics of the split face guard is 

similar to that of the integral face guard. As the contact point between the coal wall and the 

face guard moves downward, the effective supporting force provided by the face guard to the 

coal wall gradually decreases. The maximum value is approximately 283 kN, whereas the 

minimum value is 96 kN. 

4. RESULTS AND DISCUSSIONS 

4.1  Numerical simulation of the contact characteristics between the face guard and the 

coal wall 

Parts of the components of the face guard are meshed using HyperMesh software, and a rigid 

connection area is established at the hinge point [21], as shown in Fig. 7. Then, the 

components of the rigid body’s numerical model in Fig. 2 are replaced, and a rigid–flexible 

coupling numerical analysis model (the top beam, shield beam, and other parts are maintained 

as rigid bodies) is established. The telescopic beam and the face guard, connecting rod A and 

the face guard, connecting rod B and the telescopic beam, and two connecting rods are 

connected by rotating pairs. The friction coefficient is defined as 0.3. The rigid body 

components, such as the top beam and the cover beam, are fixed and connected to the ground 

to keep them stationary. 

      In the numerical simulation, the face guard jacks at all the levels are replaced with the 

equivalent spring. The variable stiffness equivalent spring is defined in accordance with 

Eq. (5) of the equivalent stiffness of the hydraulic cylinder. 

yL

A
k


=  (5) 

where, k is the stiffness coefficient of the equivalent spring (N/m), A is the effective pressure 

area in the hydraulic cylinder (m2), η is the bulk modulus of the hydraulic fluid (set as 

1950 MPa), and Ly is the length of the effective liquid column in the hydraulic cylinder (m). 

Ly varies with the working height of the support. 

      On the basis of the aforementioned numerical model, points with an interval of 260 mm at 

the vertical centreline positions of the integral and split face guards are selected and exerted 

with different loads to simulate the contact characteristics of the two face guards. Load 

amplitude is estimated using the preceding theoretical analysis results and corrected numerous 

times in accordance with the response of the face guard jack. Finally, the ultimate load-

bearing capacity of each position is recorded and a curve is drawn. 

      The comparison results are shown in Fig. 8. The maximum error between the theoretical 

calculation and numerical analysis results is less than 3 %, demonstrating the validity and 

accuracy of the two models. Setting 1500 mm from the hinge point as the dividing line, i.e., 

from 0 mm to 1500 mm, the supporting capacity of the integral face guard is significantly 

better than that of the split face guard. Beyond 1500 mm, however, the supporting capacity of 

the integral face guard is slightly lower than that of the split face guard; nevertheless, the 
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difference is inevident. In summary, the contact characteristic of the integral face guard is 

better than that of the split face guard at the centreline of the face guards. 

  

Figure 7: Part of the flexible components.  Figure 8: Comparison of the theoretical analysis 

 and numerical simulation results. 

      After the coal shearer cuts the coal, many types of coupling state occur between the 

hydraulic support of the face guard and the coal wall. In such case, simply regarding the 

loading position of the external load as the centreline of the face guard does not reflect the 

actual situation. Therefore, the preceding analysis should be improved further. Accordingly, 

on the basis of the aforementioned numerical analysis model, point loads are applied to 

different positions of the face guard, as shown in Fig. 9. Using the integral face guard as an 

example, the centreline of the circular hole at the hinge of the first-level face guard and the 

telescopic beam is set as the X-axis (in the split face guard, the centreline of the circular hole 

at the hinge of the face guard and the top beam is set as the X-axis). The centreline 

perpendicular to the X-axis is used as the Y-axis, and the loading point is set at every interval 

ΔL = 275 mm in the X-axis direction and every interval ΔM = 264 mm in the Y-axis direction. 

To facilitate the comparative analysis of the integral and split face guards, the first-level 

integral face guard jack only considers the compression state; hence, the loading position is 

yP > 300 mm. The first- and second-levels integral face guard and the second-level split face 

guard adopt this loading method to simulate the different contact modes of the coal wall and 

the face guard. 

 

Figure 9: Diagram of loading position. 

   
a) Integral face guard  b) Split face guard 

Figure 10: Numerical analysis results of the contact characteristics of the face guard. 
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      Fig. 10 shows the simulation analysis results of the contact characteristics of the integral 

and split face guards. In accordance with the data in Fig. 10, the maximum supporting 

capacity of the integral face guard is 900 kN and the minimum is 47 kN. The maximum 

supporting capacity of the split face guard is 276 kN and the minimum is 82 kN. In summary, 

the integral face guard has a better supporting range and supporting capacity than the split 

face guard, with better contact characteristics, under different contact conditions. Therefore, 

the integral face guard can better support a coal wall. 

4.2  Influence of coal wall on the mechanical characteristics of the two face guard 

mechanisms 

To make a comparative analysis on the mechanical response characteristics of the two 

structural forms of face guards, an impact load is applied to the face guard, and the stress at 

the hinge point of the first-level face guard and the top beam or the telescopic beam is 

selected as the research object. The load of the coal wall on the two types of face guard is 45 

kN, and the loading position is the same as that shown in Fig. 9. 

      Fig. 11 shows the results of mechanical response characteristics of the hinged joints of the 

two types of face guard under coal wall caving. The comparison of Figs. 11 a and 11 b shows 

that the stress at the hinge point of the integral face guard and the telescopic beam is generally 

smaller than that at the hinge point of the split face guard and the top beam. The average 

stress on the hinge points of the integral face guard is approximately 80 % that of the split 

face guard. Stress on the hinge point of the integral face guard is only greater than that of the 

split face guard in a small area of X < -330 mm, but the difference is relatively small. 

Therefore, compared with that at the integral face guard, the pin at the hinge point of the split 

face guard requires greater bearing capacity, and the stress condition is relatively bad. That is, 

the pin at the hinge of the split face guard is more prone to wear, breaking, and other failures. 

   
a) Integral face guard  b) Split face guard 

Figure 11: Mechanical response characteristics of the hinge joint of the face guard. 

4.3  Mechanical characteristics of the four-bar linkage with the integral face guard 

To study the mechanical characteristics of the other articulations of the four-bar linkage with 

the integral face guard by using the aforementioned numerical simulation model and the 

loading method presented in Section 4.2, an impact load of 45 kN is applied to the face guard, 

and only the hinge point in the positive direction of the X-axis is analysed. 

      In accordance with the result analysis shown in Fig. 12, the bearing characteristics of the 

hinge point of connecting rod A and the face guard, the bearing characteristics of the hinge 

point of connecting rods A and B, and the bearing characteristics of the hinge point of 

connecting rod B and the telescopic beam (the same as the load-bearing characteristics of the 

hinge point of connecting rods A and B) are affected by the state of the coal wall, and the 

change trend of stress is the same. When the value of the Y-axis is the same, stress at the 
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hinge point increases with an increase in the X-axis; when the value of the X-axis is the same, 

stress at the hinge point increases with an increase in the Y-axis. 

   

a) Hinge point between connecting rod A  b) Hinge point between connecting rods A and B 

and the face guard 

Figure 12: Mechanical response characteristics of the hinge joint of the four-bar linkage with the face 

guard. 

      On the basis of the data provided in Fig. 11 a, when the coal wall generates an impact load 

on the face guard under the integral face guard mechanism, the maximum stress at the hinge 

point of the face guard and the telescopic beam is 172 kN. The maximum stress at the hinge 

point between connecting rod A and the face guard is 214 kN. The maximum stress at the 

hinge point between connecting rods A and B and that at the hinge point between connecting 

rod B and the telescopic beam are 119 kN. Therefore, in designing and selecting materials for 

the hydraulic support of an integral face guard, priority should be given to meeting the use 

requirements of the pin shaft to avoid damage and failure under various working conditions 

because the limit stress of the pin shaft at connecting rod A and the face guard during use is 

larger than those at the other hinge points. 

4.4  Influence of coal wall angle on the stress of the face guard mechanisms 

The coal wall is not smooth, with various angles between the coal wall and the floor, due to 

other factors, such as shearer cutting and coal wall caving before face guard support. In 

accordance with the different conditions of the coal wall, hydraulic support should use its face 

guard mechanism to cooperate with the telescopic beam to make the position and posture of 

the face guard consistent with those of the coal wall, as shown in Fig. 13. 

      By applying the same numerical simulation method and in accordance with the effective 

liquid column length of the jack under different angles, the corresponding equivalent spring 

stiffness coefficient is calculated using Eq. (5), and the stress response characteristics of the 

retaining mechanism are analysed under different angles. Only the central position of the first-

level face guard is loaded, and the results of the stress change of the hinge joint are shown in 

Fig. 14. 

   

a) 67.5° opening angle of the 

face guard 

b) 90° opening angle of the 

face guard 

c) 112.5° opening angle of the 

face guard 

Figure 13: Different supporting angles of the integral face guard. 
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Figure 14: Effect of face guard angle on stress  Figure 15: Angle change of the face guard 

characteristics.  mechanism. 

      As shown in Fig. 14, the influence of the opening angle of the face guard (i.e., the angle 

between the face guard and the top beam) on the hinge joint of the face guard and the 

telescopic beam and that of rod A and the face guard is relatively small. The maximum 

difference of stress change is approximately 10 kN. The hinge joint of connecting rods A and 

B is sensitive to the change in angle of the face guard, and stress increases gradually with an 

increase in the angle of the face guard. When the opening angle of the face guard is 135°, 

stress on the hinge point can reach up to 64.7 kN. Therefore, attention should be given to 

meeting the load-bearing conditions at the hinge joint of connecting rods A and B in the 

design and material selection of the hydraulic support’s retaining mechanism. 

4.5  Stability analysis of the mechanism of the integral and split face guards 

To compare the influences of the integral and split face guard structures on the static stability 

of the coal wall, the current study determines the time required for the face guard to reach the 

expected supporting state to reflect the efficiency of changing the stress conditions of the coal 

wall, while simultaneously serving as the evaluation index of the face guard in maintaining 

the static stability of the coal wall. 

      In accordance with the numerical model presented in Subsection 3.2, measurement points 

are established at the front end of the second-level face guard to study the action efficiency of 

the two face guard mechanisms, and thus, reflect their effect on the static stability of the coal 

wall. The results are shown in Fig. 15. 

      Measurement begins when the horizontal angle between the two face guards and the top 

beam is set as 10°. When the face guard jack maintains the same and constant extension speed, 

the integral face guard takes only approximately 6.1 s to be stretched from the starting 

position to an angle of 150° while the split type takes approximately 8.5 s. Therefore, from 

the perspective of action efficiency and under the premise of the same disturbance on the coal 

wall, the integral face guard is conducive to maintaining the stability of the coal wall. 

5. CONCLUSIONS 

On the basis of the multi-angle investigation of integral and split face guards, this study 

obtains relevant conclusions regarding the stability of wall protection in a large mining height 

working face. 

      (1) In accordance with the different characteristics and formation mechanism of coal wall 

caving and after a comparative analysis of the action characteristics of face guards, various 

components should be coordinated to make the face guards come in contact with the coal wall 

at an angle of approximately 90° and reduce the influence of dynamic disturbance on the coal 
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wall. The integral face guard exhibits higher supporting efficiency than the split face guard. It 

can reduce the exposure time of the coal wall after shearer cutting, and it exhibits high 

flexibility and has a large supporting area. The integral face guard can also change the stress 

state of the coal wall more efficiently and reduce the occurrence of coal wall caving. 

      (2) Through theoretical calculations and numerical simulation analyses, the integral face 

guard is determined to be superior to the split face guard in terms of ultimate bearing capacity 

and supporting bearing range, and thus, it exhibits better coal wall support performance. The 

maximum stress at the hinge point of the integral face guard is lower than that at the hinge 

point of the split face guard; hence, the integral face guard achieves relatively higher 

reliability. The hinge pin of the integral face guard is less likely to be damaged with the same 

material. 

      (3) In the four-bar linkage mechanism of the integral face guard, the stress at the hinge 

point of connecting rod A and the face guard is larger. As the support angle of the face guard 

increases, stress at connecting rods A and B exhibits evident changes with a considerable 

increase. In the optimization design, the load-bearing conditions of the two pins should be 

considered first to avoid failure. 

      To study the contact characteristics of the face guard mechanism under different working 

conditions, double-stage variable stiffness is adopted during model establishment. This 

stiffness is slightly different from the real stiffness used in hydraulic support. In the future, 

continuously variable stiffness must be introduced into and considered for equivalent 

replacement during model establishment. 
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