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POWERED SUPPORT IN DYNAMIC LOAD CONDITIONS - NUMERICAL ANALYSIS

Tremors occur randomly in terms of time, energy as well as the location of their focus. The present
state of knowledge and technology does not allow for the precise prediction of these values. Therefore,
it is extremely important to correctly select a powered roof support for specific geological and mining
conditions, especially in the case of areas where dynamic phenomena are often registered. This article
presents information on rock burst hazard associated with the occurrence of rock mass tremors and their
influence on a powered roof support. Furthermore, protection methods of a powered roof support against
the negative effects of dynamic phenomena are discussed. As a result of an analysis the methodology,
to determine the impact of dynamic phenomena on the powered roof support in given geological and
mining conditions is presented.
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1. Introduction

The production of hard coal in Poland is conducted in increasingly challenging geological
and mining conditions that result from greater depths of mining operations or previous mining
activity which has resulted in edges and/or residues (Majcherczyk & Niedbalski, 2017). There
are numerous factors that generally increase the level of natural hazards in Polish mines. One
of them is rock burst hazard associated with the occurrence of rock mass tremors. According to
(Patynska & Stec, 2017) only some of the seismic tremors (short-term dynamic phenomenon),
are the direct cause of rock bursts, which consequently caused damage and/or destruction of
underground workings, thus the continuity of coal production (Lubosik et al., 2020), and danger-
ous and often fatal accidents among miners. On the other hand, according to Polish regulations
(Regulation of the Minister of Energy, 2016) a rock burst is defined as a dynamic phenomenon
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caused by a rock mass tremor which results in destroying or damaging a mine working, or its
fragment, leading to the complete or partial loss of its functionality or making it dangerous to use.
While decompression is defined as a dynamic phenomenon caused by a rock mass tremor which
causes damage to a mine working (or its fragment), yet does not result in loss of functionality
nor renders it unsafe for personnel.

The rock burst hazard is confirmed by the data presented in the Annual Report (2019) pre-
pared by the Central Mining Institute. It shows that despite steadily decreasing output, by just
over 20 million tonnes in the last decade, the number of high-energy seismic events remains high
— Figure 1. It can therefore be assumed that the process of underground coal mining in Poland is
associated with the widespread occurrence of dynamic phenomena. Before the dynamic impact
of the rock mass, the roadways and longwalls are protected by a support (respectively steel-arch
support or powered support) that must be resistant to this impact (Brodny, 2011; Szurgacz &
Brodny, 2019a; Szurgacz & Brodny, 2020).
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Fig. 1. Output, number of rock bursts and tremors in hard coal mines in the USCB
(Annual Report, 2019)

At the same time, the Polish coal mining industry is currently based on the use of a longwall
caving system only. In this case, the powered roof support is the main element followed by the
main gate supported by yielding arch support which is often reinforced by rock bolts (Niedbalski
& Majcherczyk, 2018). In general, a construction of powered roof support with two legs and
a lemniscate system is used. These supports are commonly equipped with two-stage legs and
rarely one-stage types, with a mechanical or hydraulic extension. The internal diameters of these
legs are normally between 210 and 250 mm. Recently, a trend has been observed to increase the
inner diameter of the support legs (300 mm and more), which most often requires the unit pitch
to be increased to 1.75 m.
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2. Evaluation of the influence of dynamic phenomena
on a powered roof support

The exploitation of hard coal based on a longwall system is associated with the risk of dy-
namic phenomena. Prusek and Masny (2015) used the analysis of a 10 year period and pointed
out that in the case of the mines of Kompania Weglowa S.A. (Now PGG S.A.), 76% of cases
of rock burst and decompression occurred during mining in longwall areas, and 24% of cases
occurred during the excavation of galleries. Therefore, in order to ensure safe and economically
justified mining operations, it is important to assess the impact of dynamic phenomena on the
powered roof supports and use the results to take appropriate technical and organisational meas-
ures to minimise this impact.

The basic form of assessment of the impact of dynamic phenomena on the powered roof
support is the analysis of registered events. Profaska (2001) identified the most frequent damage
to powered roof supports in longwalls caused by tremors in the years from 1979 to 1997. The
research show that it is the hydraulic leg of the powered roof support that is damaged most often
(in 39% of cases), usually by breaking or tearing the rod. A similar analysis is presented in the
paper (Prusek & Masny, 2015) for the years 2003-2012.
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Fig. 2. Types of damage to longwalls and shield supports caused by dynamic phenomena (a) and characteristic
forms of damage to a longwall (b) (Prusek & Masny, 2015)

The data presented in Figure 2 indicates that in most cases (33%), coal was most often
thrown out of the sidewall to longwall excavations due to the dynamic impact of the rock mass.
In over 18% of the longwall excavations, the height decreased (Fig. 2a and b), and in 12% of
cases individual supports located in the area of the longwall entries also experienced damaged.

It is extremely difficult to measure the actual increased levels of load impacting on the
powered roof support during in situ tremors due to the specific nature of the structure, the method
of installation in the excavation and the characteristics of operation. Currently used automatic
measurement systems, mainly focused on pressure measurements in under piston space of legs,
due to the frequency of measurements, cannot directly record effects of dynamic events (Ptonka
& Rajwa, 2011; Prusek et al., 2016). Szweda (2003, 2004) presented the results of dynamic load
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measurements using strain gauges placed on the mechanical extension of the hydraulic leg. He
then used the analysis of the results to characterize the dynamic load courses of the powered roof
support over time. An example of such measurement is shown in Figure 3.

| Load [kN]

1000 - 1s

Time

Fig. 3. Changes in load impacting on a powered roof support over time,
during a rock burst of 5-104 J (Szweda, 2004)

The seismic events were also simulated using explosives (Szuscik & Bomersbach, 2000a,
2000b) in order to investigate the behaviour of the powered roof support under dynamic impacts.
The results of these tests are presented in the form of values of dynamic coefficients ky, under-
stood as the maximum dynamic pressure in leg in relation to the static pressure before dynamic
loading. The values of dynamic coefficients kg are in the range 1.2-1.7.

3. Protection of a powered roof support against
the negative effects of dynamic phenomena

In order to limit damage to powered roof supports or limit the loss of stability of the longwall
workings, a range of rock burst and seismic prevention measures are applied. Such practices
require various steps including the periodical discharge of stresses in concentration zones or
the provocation of tremors. The technical methods include: irrigation of the seam, destressing
drilling, blasting, directed hydrofracturing of rocks, directional fracturing of rocks with the use
of a blasting method, and the destressing of a seam by mining an adjacent seam (Dubinski &
Konopko, 2000; Braeuner, 1994; Junker et al., 2006).

The impact of dynamic loads on the behaviour of the powered roof support can be taken
into account during the process of its design and after, when individual features of the support are
adjusted to given geological and mining conditions by means of appropriate calculations based
on empirical and analytical relations (Bilinski, 2005). However it must be clearly emphasized
that support designing with consideration of tremors occurrence, must not and should not replace
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activities for coal burst prevention. Planning and measures to reduce the effects of dynamic events
must always have priority.

When using the powered roof support in conditions characterised by frequent tremors, in
compliance with Polish legislation (Regulation of the Minister of Energy, 2016), it is expected
that support should be prepared to take over dynamic loads as a derivative of these seismic events,
without exceeding the permissible overloads of the hydraulic leg, the so-called yielding of the
roof support. In practice, the powered roof support is usually yielded by yielding the hydraulic
support system (hydraulic legs) by means of quick release (yielding) valves. They have the ability
to open and close quickly to reduce the under piston pressure to a safe value by draining the liquid
from the leg’s working space to the outside when the dynamic load occurs (Peng, 1984; Swigtek,
& Stoinski, 2019). The diagram of the operation of a quick release valve is shown in Figure 4.
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Fig. 4. Diagram of the operation of a release valve (Peng, 1984)

An analytical method is used to assess the yielding level of the powered roof support. The
basis for determining the yielding level of the powered roof support in compliance with the
methodology is a comparison of the predicted loads of the unit, resulting from tremors, with its
nominal support. The main assumption of this method is based on the fact that the unit support
is determined by the hydraulic leg as the main support, including the kinematics (Prusek et al.,
2005; Stoinski, 2006, 2008).

Recently, work has also been undertaken to determine the required overload capacity of the
powered roof support’s leg. This method assumes that ensuring the safe operation of the powered
roof support during a rock burst can be achieved if the overload capacity of the hydraulic leg is
greater than the predicted support load (Szurgacz 2013; Szurgacz & Brodny 2019b).
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4. Numerical modelling of the powered roof support

The numerical analyses of the powered roof support focus mainly on the strength calculations
of its individual elements under static loads resulting from standardised schemes of extortion.
Such calculations are usually performed by construction engineers and designers. Moreover, the
advanced calculation software (such as ANSYS, NASTRAN or ABAQUS) makes the whole
process easy and smooth (Badura et al., 2006; Matusik & Gwiazda, 2011; Polak-Markowicz &
Lagoda, 2012; Qin et al., 2013). However, reproduction of the actual operation of the powered
roof support in a rock mass environment differs. In the case of computer programs that seamlessly
reproduce the parameters and behaviour of geological structures (FLAC, PHASE, UDEC), the
implementation of the powered roof support into such a model is difficult and sometimes even
impossible.

Available pieces of work present different ways of mapping the powered roof support using
two-dimensional numerical modelling programs, such as applying forces to the contour of the
longwall (Prusek et al., 2005; Gonzalez-Nicieza et al., 2008), using equivalent resilient material
(Unver & Yasitli, 2006), placing beam elements between the roof and the model grid (Singh, Singh,
2009) or using coated roof support (Yasitli, Unver, 2005). However, these programmes do not allow
for the direct reproduction of the geometry and the resulting support of the powered roof support

5. Calculation methodology and assumptions

Taking all presented information into account, a new methodology was developed to de-
termine the impact of dynamic phenomena on the powered roof support operating in specific
geological and mining conditions. This methodology uses numerical modeling in FLAC program,
based on the finite difference method and ANSY'S, based on the finite element method. Due to
the article framework, not all details are explained, but a general outline of the methodology is
presented — Figure 5.

The assumed strength and deformation parameters of the rock mass for the conditions of
the analysed hard coal mine are presented in Table 1.

TABLE 1
Strength and deformation parameters assumed in numerical modelling
Volumetric In?er.nal . Young’s | Poisson’s | Compressive | Tensile
. friction | Cohesion .
density modulus ratio strength strength
Materials angle
p ] c E n R, R,
kg/m® degrees MPa GPa — MPa MPa
«.| Sandy shale 2650 26 6.8 11 0.25 21.7 2.0
‘é Sandstone 2500 27 8.5 14.0 0.25 27.7 2.7
Shale 2600 26 6.0 10.0 0.25 19.2 1.9
Coal seam 510 1300 24 3.2 3.5 0.30 10.0 1.0
§ Shale 2600 25 43 8.0 0.25 12.8 1.3
| Sandy shale 2650 26 7.0 11.1 0.25 22.7 2.2
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Figure 6 shows the numerical model together with the analysed longwall excavation.
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Fig. 6. Models of rock mass including the location of longwall excavations

In addition, the numerical calculations included the following assumptions:

the rock mass model was built as a plate in plane strain state, consisting of 10,000 ele-
ments and divided by a grid of 0.5 - 0.5 m mesh,

displacement conditions at the side edges for static calculations; zero horizontal displace-
ments at both side edges and zero vertical displacements at the bottom edge,

a vertical stress of 17.9 MPa and horizontal 7.7 MPa was obtained in the place of the
planned location of the excavation, which corresponds to a depth of approximately 715 m,
the constitutive model of the elastic-ideal plastic body with Mohr-Coulomb failure condi-
tion was assumed for the rock mass.

The calculation of the static phase was followed by the calculation taking into account the
additional load resulting from tremors. Appropriate changes were made to the numerical model
by applying a source impulse on the upper edge of the model and elements simulating an infinite
area (free-field boundaries) were introduced on both side walls. This assumption meant that the
waves, when propagating down the model, were not distorted by the model boundaries as condi-
tions similar to those of the infinite model were provided (FLAC v.6.0, 2008).

To map the dynamic pulse, PPV, values were used, which were obtained from actual meas-
urements obtained in a hard coal mine. The analysis included the influence of five dynamic im-
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pulses with maximum PPV, values: pulse 1 =0.110 m/s, pulse 2 = 0.046 m/s, pulse 3 =0.038 m/s,
pulse 4 = 0.049 m/s, and pulse 5 = 0.122 m/s (pulse caused by explosives) (Figure 7).
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Fig. 7. Seismograms: a) pulse 1, b) pulse 2, ¢) pulse 3, d) pulse 4, e) pulse 5

Numerical calculations carried out in the FLAC program show the roof displacement values
changing over time. The results of FLAC calculations were used for further calculations in ANSY'S.

In the calculations made in the FLAC program, the calculated pressures on the floor and
the roof of the powered roof support were mapped using beam elements simulating these two
elements. Concentrated forces were applied in the end nodes that corresponded to the values,
as in Figure 8a, RA, RB for floor base and P1 and P2 for canopy, based on the methodology
(Ptonka & Rajwa, 2009; Rajwa et al. 2020). In addition, Qy = 295 kN component was applied
to the roof, also through a beam element of the appropriate length, associated with the impact
of the caving shield (Figure 8b)
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Fig. 8. a) Numerical model of powered support (image from a program developed by Central Mining Institute)
and b) the method for modelling a powered roof support in FLAC program

Discrete SOLID elements were used to build a model of the powered roof support in ANSY'S
software. As material models, the bilinear characteristics corresponding to three different grades
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of steel were adopted, from which, according to the construction documentation, individual ele-
ments of the analysed support were made, i.e. S355J2+N, S420N and S690Q.

The use of appropriate dependencies and software scripts enabled the simulation of the
operation of the support, taking into account the actual operation of the support as a kinematic
system with substitute hydraulic elements. The support scheme (Figure 9) was selected to show
the actual interaction between the sections and rocks surrounding the longwall excavation (Witek,
2014). The extortion diagram in the model was appropriately modified to ensure compliance with
current design assumptions, i.e. to allow for the transmission of a variable amplitude extortion
pulse and to reproduce the operation of the roof support under dynamic conditions.
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Fig. 9. Calculation model of a powered roof support with support and extortion scheme

Calculations were made for variants of roof displacements, corresponding to dynamic phe-
nomena with different values of PPV,,, measured in situ (PPV,, = 0.038; 0.046; 0.049; 0.110;
0.122 m/s). The course of individual pulses and maximum displacement values for individual
PPV, cases are shown in Figure 10.

The load in the model was set in two stages. Initially, the unit of the powered roof sup-
port was set in the rock mass by a force resulting from the working pressure in hydraulic legs
(25 MPa), which introduced the initial stress state into the system. Next, the roof displacements
(of variable amplitude) resulting from the PPV, value obtained by numerical calculations in the
FLAC environment were applied.
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Fig. 10. Course of roof displacement changes for particular PPV, values measured in situ;
maximum roof displacement values in the direction of the excavation section are marked

6. Results of the calculations

The calculations resulted in model deformations, stress components and their distribution
under the given load were obtained. Figure 11 shows an example of reduced stress distribution
from the Huber-Mises-Hencky hypothesis. Maximum values of HMH stresses caused by the
assumed load, as well as the pressure change in the roof support’s legs are shown as a diagram
in Figure 12.

As presented in Figure 12, each of the analysed pulses caused a specific increase in HMH
stress in the structure of the powered roof support and at the same time an increase in pressure
in the under piston space of the leg. The highest HMH stress increases were located always in
main load-bearing elements of canopy and base and in case of PPV, = 0,122 m/s that was 88%
of the limit value.

By analysing the actual dynamic phenomena and the associated measured PPV, values, it
can be concluded that when the PPV, values are less than 0.049 m/s, the HMH stress changes
in the steel of the structure of the powered roof support and the pressures in the space under the
piston are so small that no adverse effects in the longwall are expected to occur.

Moreover, the results of the calculations indicate that the behaviour of the powered roof
support, in addition to the maximum PPV, value, is also significantly influenced by the frequency
of the dynamic pulse. This relationship is clearly visible if the changes of reduced stress in the
powered roof support are compared, as in Figure 12, with PPV, =0.122 m/s and PPV, =0.110 m/s.
The first phenomenon caused an increase in reduced stress by 16%, while the second one by
3% in relation to the static phase, even though the difference between the pulses was as low as
0.012 m/s. Figure 13 shows the frequency spectra of both input pulses obtained by means of
a fast Fourier transform.
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Fig. 13. Input pulse frequency spectrum, obtained with fast Fourier transform (FFT):
a — dynamic pulse PPV, = 0.110 m/s, b — dynamic pulse PPV, =0.122 m/s

As presented in Figure 13, the input pulse PPV, = 0.110 m/s had a dominant frequency of
about 20 Hz (Figure 13a) which is ten times higher than in the case of the pulse PPV, =0.122 m/s
(2 Hz) (Figure 13b). From the point of view of design behaviour, the lower the pulse frequency
value, the more unfavourable it is. This is directly reflected in changes in HMH stress values.

The load impacting on the powered roof support is also important in the case of a static
operating phase. When the powered roof support is heavily loaded and the pressure in the under
piston space amounts to almost 34.0 MPa (valve opening), even a small dynamic impulse may lead
to negative effects in the longwall related to e.g. deterioration of roof conditions or even rock fall.
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7. Conclusion

Tremors occur randomly, in terms of time, energy as well as location of their focus. The
present state of knowledge and technology does not enable the precise prediction of these values.
Therefore, it is extremely important to select a powered roof support with parameters adjusted
to specific geological and mining conditions. The main goal when the powered support is used
in condition of rock mass tremors is always to limit the pressure in the under piston space of
the legs to values that do not cause damage. For this purpose, following parameters should be
considered:

— load exerted on longwall support,

— seismic energy,

— the angle of inclination of the leg,

— the operation height of the support,

— minimal height of liquid column in the under piston space of a hydraulic leg,

— the flow rate of the hydraulic system (together with a yielding valve).

This selection, due to the complexity of the issue, should be comprehensive and take into
account the latest available tools.

The method of evaluation of the behaviour of a powered roof support impacted by dynamic
phenomena presented in the article allows for a thorough analysis of the construction of the roof
support during the occurrence of such phenomena. It enables the analysis of the construction of
roof support, the materials from which it is made and enables the determination of behaviour
in specific geological and mining conditions. Furthermore, one of the main advantages of the
methodology is the ability to perform multi-variant analyzes in a relatively short time. The meth-
odology can be used whenever the powered support is designed for the given geological and
mining conditions, especially if the mine orders a new construction from the manufacturer.The
improved support dimensioning increases the safety in the longwall mining area if, for example,
a rock burst unexpectedly despite measures taken to prevent it.

The assessment will be further developed as it has numerous advantages and benefits, as
mentioned above.
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