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Abstract

Powered roof support in a longwall operation is designed to maintain
a safe working area and allow the immediate roof to fail and collapse
behind the support. The powered supports are loaded using large
hydraulic pumps with non-return and preset-yielding valves. In
addition to providing support to the immediate roof in the longwall
production area, it also moves the armoured face conveyor and
shearer forward as coal mining progresses. The research aimed to
analyse the changes in the pressure values in the powered roof
support section's hydraulic cylinders in relation to the occurrence of
rock mass movements in the roof. The pressure measurements are
based on the sensors in the sub-piston space of the powered roof
support hydraulic prop located in the steel wall. The results allow a
correlation to be developed between the roof movement and the loads
generated in the hydraulic cylinders.
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Introduction

The development of technology related to monitoring machines and devices (Zietek, et al., 2022; Bardzinski,
et al., 2022; Bortnowski, et al., 2021) based on an innovative approach contributes to improving work safety
(Zimroz, et al., 2021; Wang et al., 2021; Bazaluk, et al., 2021). Companies associated with underground mineral
exploitation increasingly implement these solutions (Borkowski, et al., 2021; Jixiong, et al., 2017; Wajs, et al.,
2021). The use of monitor systems contributes to increasing the efficiency of operation (Goralczyk, et al., 2020;
Bazaluk, etal., 2021; Baiul, et al., 2020) of machines and devices (Krauze, et al., 2021; Qiao, et al., 2021; Wodecki,
et al., 2020). This results in improved safety, increased productivity, and reduced working costs (Patyk, et al.,
2021; Dlouha4, et al., 2019; Dlouha and Kozlova, 2019). Nowadays, a lot of research is conducted in the mining
field because of the ever-increasing need for materials and the more difficult mining conditions. The research
addresses, among others, improving work safety (Ji, et al., 2020; Frith, et al., 2015), machine efficiency (Ralston,
etal., 2015; Ralston, et al., 2017; Ren et al., 2021), and combating natural hazards (Pokorny, et al., 2018). In order
to maintain the projected demand for hard coal as an energy raw material in the coming years, it will be important
to research the ongoing development of existing coal mining technologies.

Using a monitoring system to measure the pressure in the hydraulic props of powered roof support in real
conditions determines its basic operating parameters (Rajwa et al., 2019). These parameters include initial load
capacity, working load capacity and nominal load capacity (Szurgacz, et al., 2021). Based on the pressure of the
powered roof support, an analysis of the correctness of its operation can be carried out (Zhao, et al., 2015; Zhou,
et al., 2022; Juarez-Ferreras, et al., 2008). The operation of the powered roof support is mainly influenced by roof
deformation (both slow and rapid) caused by mining (Wozniak, et al., 2020; Bajda, et al., 2018; Kotwica, et al.,
2021). Dynamic phenomena are caused by the exploitation depth and strength of surrounding rocks (Szurgacz,
2021; Klishin, et al., 2010; Ji, et al., 2016). Beyond this threat, the operation of the powered roof support takes
place in the vicinity of associated hazards such as methane, the risk of gas and rock ejections (coal bumps or
bursts), and many others that can be found in the literature (Mo, et al., 2019; Pokorny, et al., 2016; Dlouha, et al.,
2018). Seismic events within the rock mass have the most significant impact on the work of the powered roof
support and pose the greatest threat to it (Xiaozhen, et al., 2012; Stoinski, et al., 2003). Powered roof support must
be designed in such a way that it can react against this phenomenon and maintain overall stability (Kumar, et al.,
2015). To prevent damage to the hydraulic cylinders, safety valves are incorporated into the hydraulic system
(Buyalich, et al., 2017; Buyalich, et al., 2019). Their task is to rapidly release the excessive pressure in the piston
space of the prop. In the steel longwall complex, the powered roof support is responsible for the safety of other
equipment, specifically the armoured face conveyor and the shearer or plough (Hu, et al., 2018; Dlouha, et al.,
2021; Kotwica, et al., 2021). Their cooperation consists of the fact that the task of the shearer is to make coal and
load it onto the conveyor (Gtadysiewicz, et al., 2017; Bajda, et al., 2021; Szurgacz, et al., 2021). However, the role
of the conveyor is the coal's transport (Kawalec, et al., 2020; Grzesiek, et al., 2021; Doroszuk, et al., 2019).
Powered roof support is equipped with a hydraulic system that moves the machines mentioned above with
operational progress (Huang, et al., 2019; Peng, et al., 2019, Bortnowski, et al., 2021). Figure 1 shows the view of
the mining longwall face.

Fig. 1. View of the extraction longwall of the Coal Mine, where: 1 — canopy of support section, 2 — excavated coalface, 3 — longwall
conveyor extension, 4 — structured body, 5 — shearer's arm.

This paper considers the analysis of changes in the pressure value in the sub-piston space of the powered roof
support's hydraulic prop. The measurements were carried out in situ under normal operating conditions. The
primary purpose of the research was to determine the pressure increase in the sub-piston space of the powered roof
support based on the resulting rock mass shocks. In this respect, the analysis of changes taking place in the sub-
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piston space of the prop was carried out. The study provided important information on the time at which changes
in the powered roof support's work changes occur for the resulting dynamic phenomenon. The test results
constitute essential information for the engineering and technical staff about the behaviour of the powered roof
support during rock mass shock.

Material and methods

Based on the reactive pressures measured (Tables 1 to 3) in the sub-piston space of the hydraulic prop of the
powered roof support as a result of the dynamic rock mass shock, the average pressure of the liquid in the sub-
piston space of the prop was determined, during the rapid rock mass movement, according to the proposed
relations:

Pn+ Pmax (1)

Where:
Pn» —nominal pressure of the safety valve,
Pmax — maximum pressure of the liquid in the under-piston space at the moment of rock mass shock

For the dependence mentioned above and measurement data included in Tables 1 to 3, the average pressure
for the sub-piston space of the prop was determined. The nominal pressure for the safety valve was assumed to be
38MPa. The value of the adopted nominal pressure is the safety limit of the powered roof support. The results of
this analysis are presented in Table 1 to Table 3 and illustrated in Figures 21-24.

The longwall excavation, in which the tests determining the pressure increase in the powered roof support
prop were carried out, was located at a depth of 840 m. The height of the wall excavation is about 3 m. The length
of the wall was about 252 m. The wall had 164 sections of the powered roof support type ZRP-15/35-POz. The
longitudinal slope in the wall ranged from 0° to 10°, while the transverse slope ranged from 0° to 15°. The longwall
was adversely affected by rock mass shocks. Figure 2 shows the location of the analysed dynamic shocks in relation
to the progress of the wall over a period of about 6 months of the wall's operation. However, Figure 3 shows a map
of the pressure distribution in the props of powered roof support from the same period.
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Fig. 2. View from above. Location of the shocks in the area of the analysed wall and three research areas in the Coal Mine.
Iarea IT area III area
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Pressure [MPal

Power Roof Supports

Fig. 3. Map for the pressure distribution in the hydraulic props of the powered roof support from the area of the analysed wall along with
the selected research areas.
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Figure 3 shows the three zones in relation to the pressure map. The figure shows the existing pressures in the
roof support's props in reference to the passage of time. The example shows the previous month of the longwall
exploitation. Based on measurement variables on the pressure map locations of the largest threats to the wall in
operation have been predefined.

Results and discussion

The selection of powered roof support depends on numerous parameters such as the coal and roof strength,
the mining height and the capability of the roof. The method of identification of parameters affecting the load on
the powered roof support in real conditions results from the direct pressure measurement. In order to determine
the pressure changes occurring in the sub-piston space of the prop, a monitoring system was used. The research
analysis focused only on measuring pressure during dynamic loading. Figure 4 shows the wireless pressure
transducer.

e
Fig. 4. View of the measuring station in the mining wall, where: a -powered roof support from the front, b - pressure transducer type
DROPS-01 OBAC17/ATEX0027X, c - powered roof support from the side of the workers' passage.

The measuring system used consisted of pressure sensors of the DROPS-01 type, which communicate with
each other wirelessly. The wireless signal goes to the converter, which is a local database for data from the system.
The converter is equipped with radio circuits and a cable interface for communication with the computer. The
computer located in the underground excavation is a local data server. The software visualises and analyses data
from sensors on an ongoing basis. It has the ability to archive data, network diagnosis, reporting and viewing
historical data. All information is sent to the surface using the mine's telephone network or optical fibre. The
dispatch position on the surface has access to the data server. The task of dispatchers is to analyse and report on
the basis of data obtained from sensors (Szurgacz, et al., 2020). To illustrate the work, the system is presented with
a diagram of the measuring system, which is shown in Figure 5.

(b)

(e)

Fig. 5. Scheme of the measuring system, where: (a) control stand, (b) underground transmission converter, (c) underground transmission
converter, (d) intrinsically safe radio converter DILER-01, (e) wireless pressure transmitter type DOH DROPSY-01, (f) powered roof
support.
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The obtained pressure measurements for the sub-piston space of the hydraulic prop of the powered roof
support during the dynamic rock mass events are shown in Figure 6. The pressure variables that are shown in
Figure 6, the pressure map and the location of shocks were all used to designate research areas. The location of
the measuring zone in the area of the extraction longwall (Fig. 2) was intended to indicate the difference between
the pressure increase and the change in its operation. The pressure changes during the rock mass shock were
recorded for one representative section of the powered roof support. Figure 7 shows the pressure values after the

first month of wall operation. Subsequent measurements (Fig. 8 and Fig. 9) show the pressure increase during the
resulting shocks.
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Fig. 6. Distribution of the obtained pressure for selected sections of the powered roof support during the shock.
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Fig. 7. Distribution of the obtained pressure in the sub-piston space of the powered roof support's prop after the first month of wall
operation.
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Fig. 8. Distribution of the obtained pressure in the sub-piston space of the powered roof support's prop after the second month of wall
operation.
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Fig. 9. Distribution of the obtained pressure in the sub-piston space of the powered roof support's prop after the third month of wall
operation.
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The analysis included 63 dynamic rock mass events in the designated three research zones of the longwall. A
view of the measurement zones is shown in Figure 2. The first zone is the powered roof support sections from
number 1 to number 20 (Figure 10-12). The second measuring zone is the powered roof support sections 74 to 80
(Fig. 13-15). Finally, the third measurement zone is the enclosure with numbers 154 to 160 (Fig. 16-18).
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Fig. 10. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10*J in the
first test zone.

The measurement (Fig. 10) shows the pressure variables for the registered 31 shocks during the longwall's
operation. The maximum values were 37MPa for the energy 8x10%J. The minimum value occurred during the 111
shock and reached 12MPa at the energy of 8x10%J). The values pressures changed dynamically.
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Figure 11. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J in
the first test zone.
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The obtained impact energy 10%] shows significant pressure fluctuations, reaching the highest values within the
range of 45MPa (Fig. 11). The ratio of the occurring shocks shows a tendency to increase the pressure in the piston
part of the prop. The highest value jump occurred during shocks 16 and 19.
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Figure 12. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J in
the first test zone.

In the first zone, taking into account shocks of the order of 108J, seven such cases were observed, which are
presented in Figure No. 12. During the occurrence of shock 5, the highest pressure increase was recorded, reaching
40MPa. A significant increase in pressure in the prop is not always dependent on the amount of shock energy.
Often, less energy generates higher pressure values. This phenomenon results from the properties of the
surrounding rocks and the location of the shock.

The second zone is characterised by a significant increase in the value of pressures during 5-10 shocks for
energy 104). In the area of 13-20 registered shocks, there was a pressure drop by 8MPa (fig. 13). Pressure variables
ranged from 8MPa to 31MPa.

35 10
5
0 +
— ]
g5 L 7 ?
Z 5 TR
u 5
t
215+ L4 5
o \ =
3
a-. 10 u T |3 (1]
5 L g
D T T T T T T T T D
12 3 456 7 8 51011121314151617 18 1520212223 24 252627 2825 30 31
Shock
====Pressure [MPa] ===Shock Energy [J]

Figure 13. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J
in the second test zone.

Figure No. 14 shows the pressure variables in the second zone for energy 10%J). The values retained the limits of
36MPa in the case of 25 high-energy shocks occurring in the longwall. The dynamic increase in pressure was
characterised by shocks 16-19.
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Figure 14. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J
in the second test zone.

Figure 15 shows the pressure variables for seven shocks with an energy of 108 for the third tested zone. From 1-
3 shocks, pressure values increase dynamically for energy 2x108J, but between 4-5 shocks decrease during energy
7x10%J. There is a significant increase for subsequent shocks, but the values do not exceed the limits of 30MPa.
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Figure 15. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J
in the second test zone.

The obtained measurement (Fig. 16) in the third tested zone for energy 10%J is characterised at the initial stage
by a relatively constant pressure variable with a difference of 5MPa. For subsequent shocks from 10 to 31, there
are significant value changes within 15MPa
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Figure 16. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J in
the third test zone.
The measurement shown in figure 17 shows the pressure variables concerning the occurring shocks. Still, in this

case, one can notice the dependence of low energy values that generate low-pressure values compared to the
previous zones.
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Figure 17. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 10%J in
the third test zone.

The above graph (fig. 18) shows seven shocks with an energy of 108J for the third research zone. The value of
pressure increased with subsequent shocks recorded in this area. During the 5" shock, where the energy reached
the highest value, the pressure values in the section's props were reduced in the third zone.
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Figure 18. Analysis of the resulting pressure in the sub-piston space of the powered roof support's hydraulic prop and shock energy 108J in
the third test zone.

Based on the pressure and shock energy measurements in Tables 1-3 for the three test zones, the most
significant values were selected to obtain the relation P,, presented in the second chapter. Figures 19-25 illustrate
the results in Tables 1-3.

Tab. 1. The resulting shock energy with the obtained pressure in the sub-piston space of the powered roof support's prop for the first zone.

Lp. Ene{gy Prmax P, Ene;’gy Prmax P.y Enesrgy Prnax P,
104 [MPa] 108) [MPa] 10%J [MPa]
1 8x10% 36,26 37,13 5x10°J 17,16 27,58 1x10°% 39,8 38,9
2 6x10%) 32,3 35,15 2x10°) 27,1 32,55 2x10°% 21,24 29,62
3 7x10% 21,4 29,7 1x10° 29,5 33,75 2x10°% 33,64 35,82
4 9x10% 31,35 34,67 3x10° 21,31 29,65 1x10°% 22,4 30,2
5 8x10% 26,97 32,48 2x10° 36.4 37,2 7x10°% 39.8 38,9
6 8x10% 17,76 27,88 7x10° 34,2 36,1 1x10°% 25,26 31,63
7 9x10% 18,18 28,09 3x10° 25,9 31,95 3x10°% 30,92 34,46
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Tab. 2. The resulting shock energy with the obtained pressure in the sub-piston space of the powered roof support's prop for the second zone.

Lp. Er1184r§;y Prmax P Enesrgy Prmax P., Eneergy Prmax P.,
[MPa] 10°J [MPa] 109 [MPa]
1 8x10% 12,6 253 5x10°J 21,22 29,61 1x108) 14,65 26,32
2 6x10%J 8,25 23,12 2x10°J 18,45 28,22 2x108) 25,63 31,81
3 7x104 7,39 22,69 1x10%) 17,6 278 2x10%) 28,46 33,23
4 9x10% 11,45 24,72 3x10°J 12,36 25,18 1x108) 14,44 26,22
5 8x104 10,31 24,15 2x10% 26,29 32,14 7x10%) 13,65 25,82
6 8x10% 22,08 30,04 7x10°J 24,6 31,3 1x108) 23,03 30,51
7 9x104) 31,79 34,89 3x10% 12,41 25,20 3x10%) 27,78 32,89

Tab. 3. The resulting shock energy with the obtained pressure in the sub-piston space of the powered roof support's prop for the third zone.

Energy Pmax Energy Energy Pmax
Lp. 109 [MPa] Pav 105 Proc [MPa]  Pav 108 [MPa] Pav
1 8x10%) 18,6 28,3 5x10%) 21,26 29,63 1x108) 6,19 22,09
2 6x10% 20,02 29,01 2x10%) 24,58 31,29 2x10%) 15,26 26,63
3 7x104 14,01 26,00 1x10°%] 15,68 26,84 2x10%) 19,94 28,97
4 9x104 13,2 25,6 3x10%) 17,52 27,76 1x108] 22,77 30,38
5 8x104 15,6 26,8 2x10%) 21,45 29,72 7x10%) 21,89 29,94
6 8x10%) 22,6 30,3 7x10%) 20,4 29,2 1x108) 18,1 28,05
7 9x104 20,11 29,05 3x10%J 15,89 26,94 3x108) 20,45 29,22
45
40
35
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Fig. 19. The resulting shock energy with the obtained pressure in the sub-piston space of the powered roof support's prop for the first zone.
The measurement (fig. 19) presents significant changes in the pressure values in the first zone with the

occurring shock energy from 104J to 108J. The highest recorded pressure value was 38.9MPa at 108J during 1 and
5 high-energy shocks. The lowest values were recorded at energy 10°] with a value of 17,2 MPa.
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Fig. 20. The resulting shock energy with the obtained pressure in the sub-piston space of the powered roof support's prop for the second
zone.

The second reaction zone was characterised by large amplitudes of pressure values, shown in Figure 20. The
highest achieved pressure reached 31.8MPa. In the case of changes in the pressure values for the shock energy
104 reached an increase of approx. 20.0MPa. The pressure for the energy 10%J during the 4th tested shock
decreased sharply, maintaining a downward trend during the next shock. In the case of shocks 6 and 7, the pressure
increased to 27.8MPa.
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Fig. 21. The resulting shock energy with the obtained pressure in the sub-piston space of the powered roof support's prop for the third zone
In the third zone (Fig. 21), the pressure values were lower in relation to the first tested zone by approx. 8MPa.
The third zone had stable pressure values for high-energy shocks. Pressures for energy 104) increased gradually.

The pressure values reached the maximum during the energy 10%J and 108J, but during the subsequent two shocks,
they dropped about 5MPa. The changes are shown in drawing no. 21.
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Fig. 22. Analysis of the mean liquid pressure for the submarine space during rock tremors 10*J for three test zones.

Figure 22 shows the variable pressure values for the analysed three zones of the wall excavation. In this case, the
energy of the order of 10%J was considered. The pressure values presented for each zone show significantly higher
values for the first one. The phenomenon persists for the first five shocks, but during shocks 6 and 7, there is a
dynamic increase in the pressure in the props for the second zone. The designated zones allowed us to assume the
boundary conditions for the analysis. The zones were determined on the basis of a preliminary analysis of the
location of shocks and variable pressure values.
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Fig. 23. Analysis of the mean liquid pressure for the submarine space during rock tremors 10°J for three test zones.
Figure 23 shows the occurrence of a shock of energy 105J in the three zones. In this case, the first zone showed a

dynamic pressure increase and a significant decrease by 10MPa at the occurrence of 4 shocks. The second and
third zones were characterised by a stable value of pressures for the analysed seven high-energy shocks.
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Fig. 24. Analysis of the mean liquid pressure for the submarine space during rock tremors 10 J for three test zones

The three analysed (fig. 24) zones for energy 108J reached different average pressure values. In the first zone,
dynamic jumps and drops in moderate pressure can be seen, reaching even the value of 38.9MPa. For the second
zone, the increase occurred for the first three shocks, followed by a pressure drop and another for shock 6. The
third zone had a successive increase in average pressure, regulating at the level of approx 30.0MPa
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Fig. 25. Analysis of the average liquid pressure for the sub-piston space during rock mass shock for three test zones.

Figure 25 shows the variables of average pressure calculated based on the formula proposed by the authors
in relation to the occurrence of energy shocks of the order of 104J, 10%J, 108J. Shock No. 4 is characteristic as each
zone shows a significant drop in average pressures. The highest average value was 39MPa the lowest was 22MPa

Conclusions

Using the prop's liquid pressure monitoring system, the data from the measurements under in situ conditions
were analysed. The applied DROPS-01 type system measured the pressure with an accuracy of 0.1MPa with the
frequency of a second in each of the stands of the powered roof support in the tested zone. The system consisted
of pressure transducers installed on the housing stands (Fig. 2), a radio converter for communication between the
transducer and the underground computer, and a downstream station for data transmission to the surface via optical
fibre. Based on data analysis from sensors and shock registration, the areas in the wall were determined (Fig. 2) as
most exposed to changes in the environment of the powered roof support. The data allowed us to generate a map
of the pressure distribution (Fig. 3) and graphs of variable values of liquids in the powered roof support's props
(Fig. 6-9). The pressure distribution map had increased pressure values in the powered roof support's props in the
first designated wall zone. The rock mass shocks cause variable pressure values, which are shown in diagrams No.
10-25. The shock phenomenon significantly affects the operation of hydraulic props, causing damage and
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disturbances in the operation of the powered roof support. The analysis covered the entire area of the wall's
function; however, the paper presents three selected zones. The obtained results of pressure changes in the sub-
piston space made it possible to illustrate the impact of the rock mass during high-energy shocks.

The analysed operation of the powered roof support's parameters monitoring system in relation to 63 high-
energy shocks showed changes in pressure values in 75% of cases. According to observations, the remaining lack
of registration in 15% was caused by the variable operating cycle of the powered roof support, system
specifications, location of the shock and the direction of the seismic waves propagation. The designated research
zones allowed us to focus on a detailed analysis of the recorded high-energy shocks in relation to the energy
generated and variable pressure values. Considering each tested zone individually, in terms of varying pressures,
the system recorded in the zone | 48% of such cases, in the zone 11 39%, in the zone 111 28%.

The analysis shows that the used system of monitoring the powered roof support's operation allows broader
forecasting and determining the additional direction of applying preventive measures to the walls under the risk of
tremors. The system provides increased possibilities for ensuring operational safety and increasing the efficiency
of powered support. In the study, the analysis made it possible to determine the changes that took place in the rock
mass before the shock. The pressure of the surrounding rocks changed with the cycle of the casing operation. The
measurement of these values allows you to adjust the way of work and the speed of the wall moving towards the
carbon to the prevailing conditions.

The system will improve the safety and efficiency of the walls after taking into account additional geological
and mining factors and the way of cooperation with supporting systems. Predicting the occurrence of a rock mass
shock with 100% certainty is not possible for now. However, the forecasting method is possible to achieve if the
variables occurring in the liquid pressure of the powered roof support's props of the longwall are taken into account.
Based on these values, we can determine the phenomenon of changes in the structure of surrounding rocks.

The presented analysis broadens the current knowledge about the possibility of using the powered roof
support monitoring system. Using the monitoring system to observe changes in the rock mass before and after the
shock allows taking measures in advance to reduce the risk of collapse or trembling.
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