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Abstract: This paper presents the results of a study conducted to determine the dynamic power of
a hydraulic leg. The hydraulic leg is the basic element that maintains the position of a powered
roof support. It is located in the structure between the canopy and the floor base. The analysis
assumes that its power must be greater than the energy of the impact of the rock mass. The energy
of the rock mass is generated by tremors caused mainly by mining exploitation. The mining and
geological structure of the rocks surrounding the longwall complex also have an influence on this
energy generation. For this purpose, stationary tests of the powered roof support were carried out.
The analysis refers to the space under the piston of the leg, which is filled with fluid at a given
pressure. The bench test involved spreading the leg in the test station under a specified pressure. It
was assumed that the acquisition of dynamic power would be at the point of pressure and increase in
the space under the piston of the leg under forced loading. Based on the experimental studies carried
out, an assessment was made with the assumptions of the methodology adopted. The results of the
theoretical analysis showed consistency with the experimental results.
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1. Introduction

One of the main problems associated with underground coal mining is descending
depth. Therefore, the exploitation of coal deposits requires the mining industry to conduct
research on technology development [1] and the monitoring of work parameters [2-6] in
order to improve the safety of crews [6-9]. The development of mining determines the need
for experimental [10-13] and theoretical [14-18] work, aimed at a deeper understanding and
analysis of the influence of various factors and the relationships between them. Research
into the dynamic loading of roof support defined future directions in [19], and it was
shown, among other things, which forces are generated by the pressure on the test leg. This
resulted in the theoretical identification of the parameters of susceptible shoring for gallery
workings [20].

Ongoing testing of hydraulic legs under mass impact loading is intended to de-
termine the actual resistance of the leg to dynamic loading [21-23]. The dynamic load
resistance of a hydraulic leg is understood as the capacity to absorb the energy of a mass
impact over a well-defined period of time without breaking or being damaged. Dynamic
tests of hydraulic legs allow the assessment of their suitability for use in tremor hazard
conditions [24-27]. The weight of the impactor mass used in the tests is assumed to be
approximately 1/10th of the working support of the leg. Making this assumption allows
for the technical implementation of the research. In mass impact studies, we relate its
value to the support of a model-type leg with a constant rate of hydraulic fluid pressure
build-up [28-30].

The dynamic load on a powered roof support is caused by the movement of the rock
mass, causing energy to be transferred from the rock mass to the powered roof support.
These loads occur during short-term tremors. The tremor-causing centres are usually thick
sandstone banks located in the roof or the bottom of the mine workings [31].
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Among the dynamic phenomena occurring in mines, a distinction is made between
tremors, stress relief, and rockbursts. A tremor is a seismic phenomenon that manifests
itself in mines by vibration of the rock mass and acoustic effects. In the case of strong
tremors, the vibrations of the rock mass is felt at the surface. The relaxation of the rock
mass manifests itself through its vibration, acoustic effects, and the cracking of the rock
around the excavation. The phenomenon is combined with minimal slides of the support
and minor damage, which does not reduce the functionality of the excavation. A rockburst
causes rocks to be thrown into the excavation, vibrating the rock mass. A rockburst is
usually accompanied by damage or destruction of the support and subsequent clamping
and collapse of the workings [32]. Legs that are not designed to take dynamic loads are
most likely to be damaged (Figure 1).

Figure 1. Area of a damaged hydraulic leg cylinder structure of a powered roof support.

The main task of a powered roof support is to maintain the roof above the workings,
i.e., to provide resistance to the rock mass compressing the mine workings. Its construction
has a certain load-bearing capacity, and it must be equipped with a safety valve that is
placed in the construction of the hydraulic leg. The safety valve determines the behaviour
of the powered roof support [33]. In a longwall system, powered roof supports play a
special role, namely, the roof support set. This is because the support consists of so-called
sections, which are repetitive units set along the wall with a specific pitch, most often 1.5 m.
Thus, a set of supports in a wall may consist of one hundred and several dozen to two
hundred sections. The support section consists of such basic elements and assemblies as
the feller plate, which forms its base, the roof support floor, the hydraulic support system
with hydraulic legs, and the sliding system (Figure 2).

Studies on the dynamics of hydraulic cylinders of powered roof supports can be found
in the literature [34—42]. The research is based on the hydroelasticity theory taking into
account the coupling between the cylinder-liquid—piston system. On the basis of this
model, the problems of harmonic vibrations under force and kinematic excitation were
solved. The result of this research was to determine the actual dynamics, which was proven.
The study of the magnitude and nature of dynamic loads resulting from the impact of
rock mass as tremors directly on powered roof supports has been the subject of numerous
studies [43-48]. Many researchers from all over the world are conducting studies to identify
the required dynamic resistance of the leg [49-53].

The mining exploitation in the conditions of tremor hazard sets high requirements
for the producers of powered roof supports in the process of designing and testing in the
test legs [54]. A powered roof support must be secured in such a way that it will not be
damaged by a dynamic load. The hydraulic leg analysed in the publication had sufficient
power to carry the dynamic load. The prepared leg for bench testing was used in longwalls
exploited in conditions of tremor hazard (Table 1). It is on the basis of laboratory tests that
it is explained how it develops its power.

The aim of this article is to propose a methodology based on bench testing to determine
how much power a hydraulic leg develops as a result of dynamic loading.
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Figure 2. Example of arrangement of basic machinery of a longwall set: (a) longitudinal section of a longwall, where: 1—
crusher, 2—main gate conveyor, 3—longwall conveyor (chock), 4—longwall shearer, 5—powered roof support, 6—mining
direction; (b) cross-section of a longwall, where: 1—face shield, 2—transition shield, 3—canopy, 4—shield support, 5—
powered roof support, 6—hydraulic support actuator, 7—hydraulic leg, 8—shearer loader, 9—shearer loader, 10—armoured

face conveyor, 11—traverse system, 12—floor base, 13—linkage system.



Energies 2021, 14, 5715

40f12

Table 1. Calculation results for the real conditions analysed.

Longwall v o Estimated Evaluation v - Actual Evaluation
No. Seam Ep () (31‘111‘7;‘)1’ Based on the Power Ep () %ITJ)S()rz Based on the Power
Method Method

1] 504 ] 1.5 x 10° 0.2 Nimaxstoj > Dmax gor 5 x 10° 0.2 Nimaxstoj > Drmax gor

6 409 1.28 x 10* 0.1 Nimaxstoj > Dmax gor 6 x 10° 0.2 Nimaxstoj > Dmax gor

2J 504 ] 9 x 107 0.2 Nimaxstoj > Dmax gor 5 x 10° 0.2 Nimaxstoj > Dmax gér
3]d 502 ] 9 x 106 0.2 Nimaxstoj > Dmax gor 6 x 100 0.2 Nimaxstoj > Dmax gor

1 510 K 9 x 10° 0.1 Nimaxstoj > Dmax gor 6 x 10° 0.2 Nimaxstoj > Dmax gor

Note: Ep—predicted tremor energy, Vgmax(p)—predicted maximum pit clamping speed, Vgmax(zy—actual maximum pit clamping speed,

E;,—actual tremor energy.

2. Materials and Methods

The basic element of a powered roof support is the hydraulic leg. It is located between
the canopy and the floor base. In its sub-piston space, there is a fluid under operating
pressure. When the pressure of the rock mass on the leg is constant, the working pressure
is also constant. If the rock mass exerts pressure on the leg, the working pressure in its
sub-piston space begins to rise until the fluid reaches the nominal pressure. The resulting
pressure due to the dynamic action can lead to the destruction of the leg. For this reason,
a safety valve is used for protection. Its function is to secure the under-piston space in
a way that drops some of the hydraulic medium from this space to the outside. The leg
is slid so that the pressure of the fluid in the sub-piston space does not rise above the
nominal pressure.

2.1. Calculation Model for Actual Conditions

The power exerted by the rock mass on the leg can be calculated by knowing the
speed of the force exerted on the leg and the speed of clamping the excavation using the
following formula [55]:

N(®) = f(t)*V(t) )

where:

N(t)—the power of the rock mass;

f(t)—the time course of the dynamic force acting on the support;
V(t)—the dynamic process of clamping the workings;

*—the intertwining of two time functions.

The calculation of the variation of the leg power waveform by means of Formula (1)
is very difficult due to the impossibility of obtaining the corresponding variation of the
leg load waveform in time as well as the pit clamping speed and the calculation of the
combination of the two time functions. Based on the literature [55,56], it can be suggested
that the computation of the function weave is a very complicated procedure. For the end
case, i.e., the occurrence of a rockburst, the maximum power is determined by multiplying
the maximum force on the leg by the maximum speed of clamping.

Ensuring safe operation of a powered roof support during strong dynamic phenomena
may be achieved if the permissible load of the hydraulic leg is higher than the expected
load of the leg as a result of the impact of the rock mass, which is described by the
following relation:

Nmax stoj = Drmax gors N-m-s ()

where:

Nmax stoj—the maximum leg power, N-m-s~1;
1

Diax gor—the maximum power that the rock mass will exert on the support, N-m-s™*.

Diax gor = Fgmax‘vgmax, N-m-s™! 3)

where:
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Fgmax—the maximum value of dynamic force applied to a single leg, N;

Vgmax—the maximum clamping speed of the excavation, m-s~*.

The maximum permissible load on the leg will be calculated for the case when the
workings are clamped, and there is an outflow of fluid from the working space of the leg
through the safety valve. Based on the relationships described in hydromechanics and
technical parameters, the leg load can be determined using the following formula:

Nmax stoj = Qzaw'kp'Pmax/ N'm'sil (4)

where:

Qzaw—the volume flow of the safety valve for a given pressure, m3.s~1;

Pmax—the maximum working pressure of the leg matching the adopted allowable
load-bearing capacity of the leg, N;
kp—the leg’s overload coefficient.

Introducing Equation (2) into Equations (3) and (4), the result is:
Qzaw ‘kp - Pmax > Fgmax*Vgmax N'ms™? (5)

By determining the minimum value of the flows using Equation (5), it is possible to
achieve a fluid discharge within the safe range for the operation of the support. This value
is expressed by the following formula:

Qzaw = Fgmax'vgmax /Pmax'kp (mS'S_l) (6)

2.2. Calculation Model for Test Conditions

The kinetic energy created by a moving rock mass is proportional to the mass and the
square of the velocity. The velocity of the moving rock mass is very low, on the order of a
few millimetres per hour, and the kinetic energy of the rock mass is also very low. This
energy is transformed into the work of sliding the powered roof support, the slide being
caused mainly by the opening of the safety valve built into the hydraulic leg. For bench
conditions, the mass impactor was taken as the load [25]. The leg of the support slides by
conducting work that can be calculated using the following formula:

¢ =P-nd?/4-he (m) ()

where:

¢@—the total work of the leg slide in the moment of dynamic loading;
P—the nominal pressure;

d—the internal diameter of the hydraulic leg cylinder;

h.—the total leg slide in the moment of dynamic loading.

Dynamic power arises over a period of time, limited by a beginning and an end. The
time in which power is created is a process of combining force and speed. Power, in this
case, is defined as the energy gained over time. According to the above assumptions, this
process occurring as a result of the dynamic action on the hydraulic leg will be determined
by the following formula:

e=E/t=¢/t=5h/t(W) ®)

where:

e—the dynamic power occurring in the piston sub-space of the leg;

E—the value of kinetic energy converted by the leg;

¢@—the total work of the leg slide in the moment of dynamic loading;

h.—the total leg slide in the moment of dynamic loading;

t—the time taken for the total leg slide of h;

d—the hydraulic force acting on the piston of the leg at the moment of its retraction.
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3. Conducted Tests

The dynamic load on the hydraulic leg of a powered roof support is characterised
by high power. The energy loading the leg is transferred to the work of sliding that leg,
provided that the resulting power of the leg is at least equal to the power of its load. For safe
operation, the leg power should be greater than the load power. From Equations (2) and (8),
we conclude that as the load period becomes shorter, the more powerful the leg must
be. Consequently, a leg operating under the tremor hazard of a rock mass has to have
significantly more power than the impact of the rock mass.

In bench tests, we observe the power generated as a result of dynamic loading that
occurs through the work of the leg slide. In this case, we are dealing with two relations: the
slide, which is the result of elastic deformation of the stator cylinder, and the slide, which
is the opening of the safety valve protecting the stator sub-piston space. Very often, these
two power cases occur together, and their sum is called total power. The slide that takes
place during the arising power is called the total slide, and the work conducted during this
slide is called total leg slide work. There may be cases during which there is a power of
energy in the hydraulic leg as a result of the opening of the leg safety valve or a load as a
result of elastic deformation of the leg cylinder (short-term dynamic load in which the leg
safety valve fails to open) [25].

3.1. Test Bench Model

In bench tests, when a dynamic load is applied to the leg, a rapid increase in fluid
pressure is observed in its sub-piston space. This may affect the enlargement of the diameter
of the leg cylinder within the elastic limit, but this issue is not being tested. The load results
in a leg slide. Figure 3 shows the research model adopted. In Figure 3a, the green colour
indicates the fluid pressure before the load, while Figure 3b shows the leg slide and the
increase in liquid pressure indicated in red.

@,

(a) (b) (©)

Figure 3. Schematic of the test model: (a) position of the leg before loading, where: 1—impact
mass of the traverse mj, 2 hj—height for the falling mass, mass of the traverse my, 3—hydraulic
leg, 4—working pressure, 5—foundation of the stand; (b) dynamic increase in fluid pressure, where
@1—the first slide of the leg, (c) final increase in fluid pressure, where @,—the second slide of the leg.
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In the process of the dynamic loading of the leg, there is a change in the fluid pressure
in its sub-piston space (Figure 3). The characteristic elements of these changes are two fluid
pressure increments, namely, dynamic fluid pressure increase (Figure 3b) and dynamic
final fluid pressure increase (Figure 3c).

3.2. Bench Tests

According to the presented scheme (Figure 3), the test consisted of dynamically
loading a hydraulic leg with an inner diameter of &J 240 mm with a safety valve, an impact
mass falling from a specified height, and a traverse of a specified mass resting on the leg.
The impact weight was 20,000 kg and the traverse weight was 1800 kg. An example test for
an impact mass drop height of 0.9 m is shown in Figure 4.

(a) (b) (©)

Figure 4. Testing of leg including safety valve (a) drop height hy = 0.9 m; (b) first chute ¢1 under
dynamic load; (c) second slide 2 of the leg for final pressure build-up.

4. Results and Discussion

Based on the presented computational model for the predicted and real conditions, leg
power was analysed. Based on the tremor energy, the velocity of movement of rock mass
was assumed. The analysis referred to the longwalls in the Slask coalmine in which the
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powered roof supports operated. Based on the mining and geological conditions analysed,
the results are presented in Table 1.

On the basis of the analysis carried out (Table 1) for five different longwalls in which
the powered roof support operated, it can be concluded that the leg had an adequate
reserve of operational safety.

In the bench test, taking the working pressure as the initial stage (Figures 3a and 4a),
the power under consideration starts as a result of the dynamic loading (Figures 3b and 4b).
In contrast, the slide under study starts at the level of the maximum pressure obtained, as
the working pressure increases in the sub-piston space of the leg due to the dynamic load
on the leg. Consequently, there is leg slide caused by the displacement of the impact mass.
Figure 5 shows the maximum increase in working pressure loaded with an impact mass
from a height of approximately 0.9 m.

1100

I
|
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o
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pressure [bar]
w
o
o

w
o
o

[ — RRARE

-100
0,62 0,63 0,63 0,64  time[s] 0,64 0,65 0,65 0,66

Figure 5. The resulting course of maximum fluid pressure in the sub-piston space.

The dynamic increase in pressure of the liquid in the piston cavity of the leg (Figure 5)
refers to the value of the generated power as a function of the operating pressure. The
dynamic increase in fluid pressure resulted in an increase in the energy loading on the leg
cylinder at the time of the dynamic pulse.

In the case analysed (Figure 5), the obtained dynamic impulse lasted several tenths of
a millisecond, which caused the opening of the safety valve protecting the sub-piston space.
As a result, the leg slid down. The resulting dynamic pulse under bench test conditions
was a high-power pulse, characterised by high kinetic energy.

During the time period indicated in the diagram (Figure 7) by the segment (a1), the
hydraulic leg of a powered roof support is stretched in the test stand (Figures 3 and 4). It
is loaded with the mass of the traverse resting on it as the fluid pressure in its sub-piston
space equals the working pressure (P,,,1). The resulting dynamic impulse as a result of the
drop in rock mass takes place at time (ap). After time (¢;) from the occurrence of the impulse,
the fluid pressure in the sub-piston space increases to the value (Pjuax), as further illustrated
in Figure 8. Immediately after the activation of the dynamic impulse, the pressure of the
fluid in this space decreases to the value of the working pressure (P,,2) and remains at
this level during the time (a3) that the safety valve operates (Figure 6). It is only when the
safety valve is opened that the pressure of the fluid in the piston cavity of the leg drops
to the nominal pressure (Py;). The figure also illustrates the dynamic increase in fluid
pressure (a) and the dynamic increase in final fluid pressure (b). The value of the obtained
power for different impact mass drop heights is shown in Table 2.
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Table 2. Power occurring in the hydraulic leg during dynamic loading.
. Energy of Impact Mass E, Maximum .
Height of Drop (m) () Pressure (bar) Leg Slide (m) Power of the Leg (W)
0.3 58.8 550 0.03 0.5
04 78.4 650 0.04 0.7
0.5 98.1 730 0.05 0.9
0.6 117.7 790 0.06 1.1
0.7 137.3 830 0.08 1.3
0.8 156.9 900 0.08 1.5
0.9 176.5 990 0.09 1.7
160
140 A
120

pressure [bar]
8 8

D
o

40
20
0 ‘ . : . . ‘ : :
014 0,16 0,18 0,20 0,22 024 026 0,28 0,30
Figure 6. Opening of the safety valve.
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Figure 7. The course of the increase in fluid pressure for power in a specified time in the sub-piston

space of a leg when it is loaded with a mass impact.
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Figure 8. Increase in fluid pressure under load in progress.

5. Conclusions

The power developed by the casing must be greater than the power developed by the
rock mass as a result of the tremor (Table 1). In order not to be destroyed, the powered
roof support has to have greater power than the power of the rock mass. As a result of the
transfer of energy from the rock mass to the powered roof support, the hydraulic legs of
the support perform a slide action during the specified time in which the load energy is
transferred to the powered roof support. If the powered roof support develops less power
than the power developed by the rock mass, it will be damaged or destroyed. On the basis
of the data (Table 1), the power of the hydraulic leg of a powered roof support operating
under tremor hazard conditions was determined as well as the power that the rock mass
has at the moment of the tremor.

Thirty bench tests were performed, and the tests consisted of loading the leg with an
impact mass falling from a specified height (Figure 4). Each test was performed three times
for a specified height of drop of the impact mass. The height of the fall in the first test was
assumed to be 10 cm. For each height, three trials were carried out. The height of mass
drop after three trials was increased by 10 cm. The test stand and the technical capabilities
of the hydraulic leg allowed us to obtain the maximum height of mass drop to 100 cm. The
paper discusses the result of the obtained test for the impact mass drop (Figure 5) from the
height of 0.9 m.

When the mass impact loads the leg, it performs the work of sliding (), which is
given by Equation (7). In the diagram (Figure 5), we have marked (a) the section in which
the work of sliding is produced (). The resulting value of the chute work (¢) is equal to
the value of the kinetic energy imparted to the leg at the time of impact. In tests, the leg
was not damaged or destroyed. In contrast, if the work of the slide is less than the energy
of the load, the leg could be damaged or destroyed. That is, one can conclude that if the
energy created was not converted into work of the chute (¢), we would not have obtained
the required leg power. The greater the sliding work (@) a hydraulic leg can carry out, the
greater the power it can achieve and the greater its resistance to dynamic loads.

The methodology presented assumes dynamic impact loading of the mass to obtain the
required hydraulic leg power. This assumption makes it possible to qualify the suitability
of the structure for the occurring cases of dynamic loading of the roof support’s leg as
a result of a rockburst. However, the research analysis presented here does not exhaust
the issue of dynamic loads and only reflects the current state of knowledge and research
capabilities. It is advisable to carry out further research under real and bench conditions.
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