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Abstract

Double-top-beam support (DTBS) is an important protective device for backfilling mining. Frequent
roof movements cause the DTBS to bear dynamic loads, making it prone to instability and damage.
The gaps between the supporting parts exacerbate this condition. To solve this problem, we studied the
dynamic characteristics of the DTBS with gaps under various impact loads. Firstly, the numerical
model of the support was built. The connecting joints of the DTBS were defined with a gap clearance.
Then, the attitude and load characteristics of the DTBS were analysed by applying biased,
symmetrical, and torsional load to both top beams. The results indicate that the connecting joints at the
top beam are more sensitive to the impact loads. When the impact loads appear at the front part, the
load of the connecting bar joints increased. The gap size has a minimal effect on the lateral inclination
of the DTBS. The biased loading condition plays a crucial role in the deviation of the top beam
supporting attitude. Under the same loading condition, the inclination of the rear top beam is much
higher than that of the front top beam, with a degree difference of approximately 130 minutes.
(Received in March 2023, accepted in May 2023. This paper was with the authors 3 weeks for 2 revisions.)
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1. INTRODUCTION

China has abundant coal resources, and coal is an important chemical energy source that plays
a significant supporting role in the country’s economic development. The traditional coal
mining method is mainly collapse mining. This method is prone to surface subsidence and
causes a large amount of coal gangue to accumulate on the surface [1-3]. With the increasing
demand for green mining, backfilling mining has become a more widely recommended
method. Backfilling mining is the process of refilling the gangue generated during mining into
the goaf. To a certain extent, this method has alleviated surface subsidence and reduced the
accumulation of surface gangue [4, 5]. Double-top-beam support (DTBS) is mainly used in
the backfilling mining process to reduce roof settlement.

During the backfilling process, the impact load received by the DTBS is reduced because
of the support effect of backfilling gangue. However, as a result of gaps between the support
parts, the DTBS may still bear heavy dynamic loads and exhibit non-ideal bearing attitudes
during the loading process [6, 7]. Meanwhile, the presence of gaps caused the impact loads to
form exhibit diversity. Therefore, investigating the dynamic performance of the DTBS with
gaps under different load forms is necessary, and it contributes to the structural optimization
of the DTBS.
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2. STATE OF THE ART

In underground mining, complex geological conditions and periodic roof pressure affect the
support stability. The frequent cyclic movements of the DTBS cause severe wear at joints.
Scholars have conducted extensive research to clarify the factors affecting the performance of
the supports. To obtain the static load performance of hydraulic supports, Witek and Prusek
[8] used Ansys software to conduct structural statics analysis and dynamics analysis on end
hydraulic support, providing a useful way to improve the support static strength. Szurgacz et
al. [9] developed a DOH type hydraulic system, and tested the dynamic loads of the support
under the external leakage condition during its operation process. Based on the hydraulic
support test bench, Stoinskki et al. [10] evaluated the dynamic characteristics of the column
system. Yang et al. [11] analysed the static load performance of a sliding-type support by
establishing the reverse kinematics numerical model; they pointed out that the sliding-type
support can achieve strong support for the top plate under low oil pressure. To obtain the
dynamic load propagation characteristics of the support, Wang et al. and Xie et al. [12, 13]
conducted dynamic simulation and strength analysis, and evaluated the support stability
performance.

Guan et al. [14] analysed the influence of column vibration frequency on the support
performance of double parallelogram structures; they emphasised that the improved natural
frequency has been advanced considerably and the hydraulic support stability has also been
significantly improved. By applying different load spectra to the base structure, Xie et al. [15]
found that under various impact conditions, the bottom plate specific pressure of hydraulic
supports does not exhibit a linear distribution, but rather a V-shaped distribution. Ren et al.
[16] proposed an experimental method to examine the dynamic impact of hydraulic supports,
designed a 1:2 scaled hydraulic support model, and analysed the load variation under dynamic
impact loads; the dynamic response regulation of the support was revealed through
experimental data. Zeng et al. [17] used the ZF5600 hydraulic support as an example,
established a hydraulic support dynamic model using LS-DYNA, and studied the load
variation of hydraulic support under different loading methods. When considering the
situation of joint gaps caused by support wear, Zeng et al. [18] analysed the performance of a
numerical model of the support with gaps, and then discussed the influence of gap size on the
kinematic behaviour of the supports. Wang et al. [19] proposed a virtual simulation concept
for hydraulic supports that considers the joint gaps; they analysed the influence of joint gap
distribution on the lateral stability of the support and pointed out that the column joint gap has
the most significant influence on the support. Bamdad and da Silva et al. [20, 21] studied the
effect of joint gaps on machine accuracy by establishing an error model; they concluded that
joint gaps have significant influence on the mechanism motion accuracy. Using the dynamic
software Adams, Zheng et al. [22] built an impact analysis model for the joint gap of the four-
leg support and studied the attitude and dynamic response results of the support. Zhang et al.
[23] studied the influence of gap clearance on the dynamic performance of vehicle suspension
systems, proposed an optimized control method for gap parameters.

In summary, various factors affect support stability. Compared to the traditional support
structure, DTBS has a more complex structure. Therefore, this study takes the DTBS as an
example. The dynamic load characteristics of the DTBS were studied by considering factors
such as load modes, action positions, and joint clearances.

The rest of this article is arranged as follows. Section 3 analyses equivalent stiffness
substitution methods and collision contact modelling methods, as well as loading methods.
Section 4 introduces the dynamic variation of the DTBS under various loading methods, and
then discusses the attitude variation law. Section 5 provides the conclusion.
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3. METHODOLOGY
3.1 Numerical model of the DTBS

In previous research, we established a numerical simulation model for the ideal DTBS model
[24]. HyperMesh software was used to build the model and handle the flexible structural
parts. The cylinders were defined based on the elastic-spring model. The difference is that in
this study, we have arranged connection gaps at each joint. The stiffness definition between
the connection gaps can be found in section 3.3. Parts 1-9 indicate the components of DTBS
and A—C represent the connecting joints.

Figure 1: A rigid-flexible coupling analysis model for DTBS.

Fig. 1 shows the model of the target DTBS. The DTBS working height is defined as
3000 mm. The material of the main parts is defined as structural steel. The moving structural
components are fully rigid hinged, with the gravity direction set perpendicular to the ground.

3.2 Equivalent replacement for the cylinders

As a support device for underground mining, DTBS requires frequent pushing movements
during its operation. The main power source for the support movement process comes from
the hydraulic system. In most studies, the hydraulic cylinders of the support are regarded as
elastic body with fixed-stiffness or even replaced by a frictional-sliding pair. However, the
load act on the support changes dynamically because of periodic roof collapse. The
compression amount of the hydraulic cylinder also changes, which means that the stiffness
characteristics of the cylinders is continuously changing. To address this issue, we have
proposed a variable-stiffness model for hydraulic cylinders. The model is expressed in the
following equation [22]:
K= L 1
VK, + 1K, + 1K, @

where K is the calculated stiffness of the target cylinders. Table | lists the calculation
parameters of the main DTBS cylinders.

Table I: Calculation parameters of main DTBS cylinders.

Hydraulic piameterpf Digmeter of In-itia.l enclosed Piston rod
eylinder piston cavity | piston rod liquid length length (mm)
(mm) (mm) (mm)
Equilibrium jack 160 105 120 /
Leg First stage 285 230 970 710
Second stage 220 170 990 1876
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3.3 Collision model of the DTBS joints

In most studies, researchers regard the support system as a gapless assembly model. However,
during the mining process, frequent movement and lifting of the supports inevitably results in
joint wear, which leads to the occurrence of connection gaps. However, in most numerical or
experimental models, seamless connections are set between the mechanisms, which cannot
truly reflect the working state of the supports.

To discuss the impact of joint gaps on the DTBS, this study defines gap collision contacts
on each connecting joints. Fig. 2 shows the specific collision model. Adams software is used
to calculate the collision contact force expressed as follows.

]

Critical point
a) Initial state b) Critical state c) Collision penetration

Figure 2: Simplified collision connection model.

F, =Ko +CV, (2

Among them, K, J, e, C and V represents the calculation stiffness, the penetration depth,
the contribution factor, the damping coefficient and the relative velocity, respectively [22].

3.4 Load application method

A static load of 4000 kN is applied to the central place to directly compare the impacts of the
dynamic load on the various top beam positions of the DTBS. Three more extreme dynamic
loads are set in various positions: loading on both ends, biased loading, and torsional loading.
The specific loading form is shown in Fig. 3, where (1) the brown loading blocks represent
loading at both ends, (2) the black loading block is biased loading, and (3) the blue and brown
loading blocks represent the torsional loading. The impact load of the black block is 400 kN
and that of the other loading blocks is 200 kN. In a single test, the front or rear top beam was
loaded separately.

Torsional loading

Bias loading Symmetrical loading

Figure 3: Loading diagram.

4. RESULT ANALYSIS AND DISCUSSION

Compared with ordinary hydraulic supports, the DTBS has a more unique structure. Except
for the double-hinged joints between the front top beam (FTB) and rear top beam (RTB), all
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other joints are single-hinged connections, which means that a single joint connection may
bear excessive load when the impact load occurs. For a more intuitive observation of the
results, all load data are presented in the form of histograms. In the graphs, the loading forms
are defined as the X axis and the response results are defined as the Y axis. The tangerine,
cyan, and violet element represents the dynamic response of the FTB loading condition, RTB
loading condition, and various loading conditions, respectively. To facilitate comparison and
provide a better description of the results, this section takes the ratio of load difference to load
as the load change rate.

4.1 Load variation of the joints between FTB and RTB

The load variation results of the joints between the FTB and RTB are reported in Fig. 4. The
figure shows that when the torsional loading is applied, the impact load of the RTB increased
the load at the left joint, with a load change rate of 83 %. When the biased loading is applied,
the left joint load decreases with a load change rate of 31 %. For the right joint, when the
impact load is loaded at both ends, the load on the RTB significantly increases compared to
that of the FTB. The load change rate under offset loading reaches approximately 119 %. The
effect of the torsional loading method on this point is relatively low, with a change rate of
only 3 %. By comparing the load-bearing characteristics, we can find that when the impact
load appeared at both ends of the RTB, the joint load increased significantly. Besides, the
torsional loading condition of the RTB led to a widening of the load difference between the
joints.
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Figure 4: Load variation results of the joints between FTB and RTB.

4.2 Load variation of the joint A
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Figure 5: Load variation of the joint A.
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Fig. 5 shows the load variation results of joint A. As the figure shows, compared to the
ordinary hydraulic supports, the DTBS has a double-top-beam structure that causes the load at
joint A to be insensitive when the impact load is applied to the FTB or RTB. When the impact
load appears at the RTB, the maximum load change rate reaches 80 %. Similarly, the impact
loads form variations that have a relatively weak influence on the joint load.

4.3 Load variation of the joint B

Fig. 6 shows the load variation results of joint B. As shown, the loading conditions have less
influence on the joint load. Among these loading conditions that appear at the same top beam,
the joint load is more sensitive to the biased load. Then, the component loads were compared
under the same loading form. The RTB load condition greatly alleviated the joint load, with a
maximum load change rate of 89 %. This result means that the appearance of this impact load
can help reduce the joint load.
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Figure 6: Load variation of the joint B.
4.4 Load variation of the joint C

Fig. 7 shows the load variation results of joint C. For the same component, the influence of
loading form changes on the joint load is basically consistent. Among the loading forms, the
bias load exhibits a stronger influence, similar to the static analysis of the support. When the
impact load appears at the RTB, the joint load is relatively low, with a maximum load change
rate of 74 %. The change trend of the line chart in the figure indicates that the load change rate
is above 70 %.
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Figure 7: Load variation of the joint C.

A comparison of Figs. 6 and 7 shows that the two hinge joints have a similar sensitivity to
various working conditions and loading positions. When the impact load appears at the FTB,
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joints B and C share some of the load. When the impact load appears at the RTB, the hinge
joints of the FTB side bear a heavier additional load, which means that the RTB does not have
a separate equilibrium jack and cannot form an independent bearing structure. Meanwhile, the
joint load of the front and rear bars is released to a certain extent. Overall, the joint load are
greatly affected by the loading method and the biased load has the greatest influence on the
joint load.

4.5 Analysis of FTB and RTB attitudes under two-end loading conditions

As a result of the dynamic working state of underground mining, the joints connecting
different components of the support may experience varying degrees of wear. This condition
leads to various deformations of the support assembly. Therefore, the DTBS model is
established in this part and different gap sizes are defined. The actual assembly state is
effectively simulated by replacing the ideal rotating joint with collision contact between the
joints. In the following parts, the inclination angles in the four directions of the FTB and RTB
are analysed to intuitively express the attitude changes of the FTB and RTB.
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Figure 8: Attitude changes of FTB under loading condition at both ends.
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Figure 9: Attitude changes of RTB under the loading condition at both ends.

The attitude changes of the FTB under the loading conditions at both ends is shown in
Fig. 8. As the gap size increases, the development trend of the inclination angles of the FTB is
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first to decrease, then slightly increases, and then gradually decreases. During this process, the
fluctuation amplitude is less than 2.4 minutes. Meanwhile, the development trend of the
angles on both sides of the FTB is slightly increase and then gradually decrease, with a
fluctuation amplitude of about 57 minutes. It can be noted that the longitudinal attitude of the
FTB is greatly affected by the gap size under the loading method at both ends. On the
contrary, the lateral attitude fluctuation amplitude of the FTB is small and has lower
sensitivity to the gap.

The attitude changes of the RTB under the loading conditions at both ends are shown in
Fig. 9. As the gap size increases, the development trend of the inclination angles of the RTB
is similar to that of the FTB, which firstly decrease slowly, then increase slightly, and then
decrease gradually. However, the fluctuation amplitude is larger than that of the FTB, about
4.2 minutes. The development trend of the longitudinal inclination angle of the RTB is also
similar to that of the FTB, with a slight increase and then a gradual decrease, with a
fluctuation amplitude of approximately 97 minutes. It can be noted that under the loading
method at both ends of the FTB, the influence of the gap sizes on the attitude of the FTB and
RTB is similar. The lateral inclination angles of the two top beams exhibit similar
fluctuations. As the gap size increases, the longitudinal inclination angles decreases rapidly.

4.6 Analysis of FTB and RTB attitudes under two-end loading conditions
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Figure 10: Attitude changes of the FTB under bias loading condition.

Fig. 10 shows the attitude changes of the FTB under the biased loading condition. As the
joints gap size increases, the overall development trend of the top beam inclination angles at
both ends decreases with a change rate of 25.1 minutes. For the double top beams, the front
end leans more sharply than the rear end (show a back tilting attitude). As the joints gap size
increases along x-axis, the development trend of FTB longitudinal inclination initially slightly
increases, then gradually decreases, with a fluctuation amplitude of approximately
51.9 minutes. From this, it can be seen that under the bias loading method of FTB, compared
with the two end loading method, as the hinge gap increases, the lateral tilt posture of FTB
becomes more prominent, while the longitudinal tilt degree of FTB decreases.

The attitude changes of the RTB under bias loading conditions are shown in Fig. 11. As
the gap size increases, the lateral angle development trend at both ends of the RTB rapidly
decreases and then stabilises, with a variation amplitude of approximately 14.4 minutes. The
longitudinal inclination angle decreases along the X axis, and the development trend of the
FTB inclination angle first slightly increases and then rapidly decreases, with a fluctuation
amplitude of approximately 89.2 minutes. These findings show that under the bias loading
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method of the FTB, the hinge gap greatly affects the lateral inclination of the RTB. When the
pin gap increases to a certain extent, the lateral attitude tends to stabilise, and the longitudinal
inclination of the RTB is higher than that of the FTB.
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Figure 11: Attitude changes of RTB under bias loading condition.
4.7 Analysis of FTB and RTB attitude under torsional loading condition

Fig. 12 shows the attitude changes of the FTB under torsional loading conditions. The
development trend of the lateral angles at both ends of the FTB along the X-axis slowly
decreases, then rapidly increases, and then slowly decreases again, with a variation amplitude
of approximately 11.3 minutes. Moreover, compared to the front end of the top beam, the rear
end part of the support shows a higher inclination degree. In the direction of decreasing the
diameter of the pin axis, the development trend of the longitudinal inclination angle of the
FTB first increases and then decreases, with a fluctuation amplitude of approximately
56.3 minutes. When the torsional impact load appears at the FTB, the one-side offset load on
the front end of the top beam causes the front end to tilt more than the rear end.

25 25
20 T 20
15 /// 15 ™
/
T 10 K
5 [} Ty
g (|=*— Location One_, . | i Location Two .
E 111 108 105 102 99 111 108 105 102 99
B0 -20 =20
)
< E——
-40 PN -401 °
.
-60 R -60
\\
-80 N | -80 »
™ %
-100="= Location Three ) e - Location Four, .
111 108 105 102 99 111 108 105 102 99
Diameter/mm

Figure 12: Attitude changes of FTB under torsional loading condition.

The attitude changes of the RTB under torsional loading conditions are shown in Fig. 13.
As the joint gap size increases along the X axis, the lateral angle development trend at both
ends of the RTB decreases, then increases, and then decreases again, with a variation
amplitude of approximately 11.5 minutes. The development trend of the longitudinal
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inclination angle of the FTB in the direction of decreasing the diameter of the X axis pin axis
shows a smooth transition first, and then a rapid decrease, with a fluctuation amplitude of
approximately 96.7 minutes. Overall, the torsional loading method has a weak effect on the
attitude symmetry of the RTB. However, the torsional load causes a lateral tilt towards the
unloaded side and the longitudinal inclination angle is much higher than that of the FTB.
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Figure 13: Attitude changes of RTB under torsional loading condition.

In summary, under the loading conditions at both ends of the FTB, the joint gap sizes do
not affect the lateral inclination angle of the top beam excessively. The biased loading method
causes a certain difference in the lateral inclination angle of the FTB at both ends, and the
influence of the joint gap on the lateral inclination angle of the RTB weakens as the gap
increases. By comparing the variation patterns of the FTB and RTB under the same loading
method, we found that the longitudinal variation trends of the FTB and RTB were similar, but
the inclination degree of the RTB was much higher than that of the FTB.

5. CONCLUSION

To analyse the dynamic load characteristics of the DTBS with joint gaps, we built a dynamic
numerical model of the DTBS. Then, the impact load in various forms was applied to the
DTBS, and the load and attitude changes were obtained. Our findings led to the following
conclusions:

(1) When the DTBS was rigidly connected, the hinge joints on both sides of the FTB and
RTB had a similar sensitivity to various working conditions and loading positions. When the
FTB of the DTBS was subjected to impact loads, joints B and C shared some of the load.

(2) When the DTBS was rigidly connected and the RTB was subjected to impact load, the
hinge joint A bore a large amount of additional load, and the load pressure at hinge joints B
and C was released to a certain extent. The hinge joints of the FTB and RTB were more
sensitive to the impact loads under various loading methods, and their hinge joints on both
sides were more greatly affected by offset loads.

(3) Under the loading conditions at both ends of the FTB, the size of the joint gap had a
minimal effect on the lateral inclination angle of the top beam. When the impact load was
offset loaded, a certain difference was observed in the lateral inclination angle at both ends of
the FTB, and the influence of the RTB gap on the lateral inclination angle decreased with the
increase of the gap. Moreover, under the same loading method, the longitudinal variation
trends of the FTB and RTB were similar, but the inclination degree of the RTB was much
higher than that of the FTB.
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This study can be a helpful reference for the design and maintenance of DTBS. However,
this study only considered the load on a single top beam of the DTBS and only analysed the
impact of the gap between two hinge joints on the support. In operating the DTBS, the impact
load had a complex and diverse position, and each hinge joint showed varying degrees of
wear. The stress response of the DTBS under various hinge-joint gap positions will be
analysed in future research.
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