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Abstract: Roof bolting is the most popular type of support for underground mines” workings.
However, in Polish coal mines it is used only as a supplementary support. To raise the effectiveness
and economic score of horizontal development works, JSW (Jastrzebska Spotka Weglowa) started
a project to introduce the independent rock bolting support in its mines. The key element of the
project is the monitoring of mine workings supported with roof bolting, as appropriate control allows
one to ensure a proper level of safety. The following work presents a monitoring system for mine
working supported with roof bolting applied in the project, as well as results of the measurements
obtained using this system. The aim of the monitoring was to prove that independent roof bolting
provides a proper level of safety and thus is applicable in conditions of Polish underground coal
mines, particularly Budryk mine. It was to be proved by the evaluation of data obtained from
instrumented bolts, extensometers of different type and convergence measurements. These results
allowed us to verify the validity and reliability of the roof bolting in geological and mining conditions
of Silesian Coal Basin.

Keywords: mine support monitoring; roof bolting; mine working stability; displacement measurement;

stress-strain measurement; convergence

1. Introduction

Roof bolting is the most popular type of support in drifts, crosscuts and other workings
in underground mines. Its popularity is ensured by its low price, ease of assembly and
transport, the wide range of bolts and whole bolting systems being available on the market
and the ability to adjust them to various geological and mining conditions [1-8]. Although
roof bolting is very popular, it cannot be applied in every scenario. Various circumstances,
equally economical, technical and historical, made Polish coal mines use roof bolting only
as a supplementary support, additional to typical steel yielding arches. Independent rock
bolt support is rarely used in Polish coal mines, despite its popularity in metal ore mines or
for underground structures, such as tunnels [8-14].

In 2019, JSW (Jastrzebska Spotka Weglowa) started a project for the introduction
of independent rock bolting support in Polish coal mines. The aim of the project is to
determine the possibility of use of such a type of support in mine workings to help reduce
the costs of development works, maintain a high level of safety, as application of roof
bolting is a common way of optimizing development costs in underground mines [15].
In fact, attempts to introduce independent roof bolting in Polish coal mines were made
in history, but they all failed due to different reasons. Thus, the described project is the
first modern attempt and, in contrast to historical projects, it was thoroughly analyzed
and designed.
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Properly planned and conducted monitoring is a key for maintaining stability and
safety of the underground system. In the case of the project to introduce the independent
rock bolting support in JSW mines, this aspect is particularly important because it is neces-
sary to determine if roof bolting is capable to provide the proper level of safety. Monitoring
of different mine objects and their parameters becomes an increasingly important branch
of the mining industry. Over the years, numerous monitoring devices and systems were
introduced in underground mines [16-19].

One of the most popular and simple means of monitoring, used for a long time in
mine working, is measurement of delamination. Indicative and qualitative sensors are used.
Such sensors are installed in the face of the working, because delamination is mostly formed
immediately after rocks in the face have been cut. The main advantages of the delamination
indicators are simple construction, easy assembly and read-out without the need to use
specialized equipment. Data obtained is general, but usually sufficient. However, complex
evaluation of the state and quality of the roof should be based on its qualitative assessment.
Such measurements are conducted using different type if extensometers. Such a solution is
more complicated, but the high accuracy of the measurement makes it the most popular in
the world [20-22].

Numerous producers offer different systems of automatic delamination measurement.
Among them Geokon, ACE, Sissgeo (Multipoint Borehole Extensometer-MPBX: SISGEO,
Milan, Italy). However, such systems cannot be applied in Polish coal mines, because of the
lack of approval for use in underground mines in Poland (lack of Polish attestation) and its
limited operating range, which can be problematic in case of significant roof deformations
in workings influenced by mining pressure [10,20,23-25].

Endoscope cameras have been used in mining industry for a number of years. The
application of such devices allows one to obtain accurate output, but the measurement
itself is time-consuming. Endoscopes allows one to precisely examine the character of
delaminations and the area of the fracture zone [20,21,26-29]. Support and rock mass
monitoring can also include a stress-strain measurement, which is conducted using various
types of sensors. Such devices are usually used in tunnels to measure compressive stress in
concrete. They are rarely used in the mining industry [3,20,23,26,30-34].

The simplest method of rock mass and mine working monitoring is convergence
measurement. For the purpose of the measurement, benchmarks are installed in the
workings’ roof, floor and sidewalls. Measurements of the distance between benchmarks
are conducted in time intervals. Vertical and horizontal distance can be measured, as
well as perimeter of the working. Nowadays, convergence is often measured using laser
scanners [18,35-37]. Telescopic scales can be also used for constant measurement of the
convergence. However, due to practical issues, they can be applied only in workings, where
movement of people and machinery is limited [26,35-37].

It should be emphasized that only simultaneous use of different methods of rock mass
and mine working support monitoring provides fully complete and reliable data, because
it allows one to compare results obtained using different tools and devices [20,26,38]. Such
an approach was applied in the Bw-1n roadway in Budryk Colliery, which was selected as
a test working for the project of introduction of the independent rock bolting support in
JSW coal mines. The exact method and procedure of the monitoring of the Bw-1n roadway
are presented in following sections.

2. Method of the Rock Mass and Mine Support Monitoring in the Bw-1n Roadway in
Budryk Colliery

The base of the bolting support control and monitoring is a visual control of bolts,
accessories and equipment, conducted by miners responsible for bolts’ installation. Their
duties are, among other things, visual control of the roadway, maintaining proper dimen-
sions of the working, installation of the bolts in proper spacing and in compliance with
bolting instruction, as well as drilling boreholes according to their specification, including
proper diameter, length and inclination.



Energies 2022, 15, 95 30f17

The key elements of the roadway support inspection are control of the grout quality,
correctness of the bolt and pad installation, proper bolts” spacing and testing of bolts” load
bearing capacity using tension jack.

Roadway stability control comprising use of different monitoring tools and devices is
conducted by mine supervisors. It consists of everyday and periodic control. Everyday
control, according to guidance of GIG (Main Mining Institute of Poland—-Gléwny Instytut
Gornictwa) consists of two-level extensometers observation. Two risk levels are marked on
the indicators: safe and dangerous. There are two basic types of extensometers:

e  Bottom level extensometers—installed about 0.3 m deeper than the length of anchors
used, near the axis of the roadway, spaced at intervals not less than 30 m. The
maximum value of a delamination allowed is 50 mm. The safety level is fixed for a
delamination greater than 2% of anchor length.

e  Top level extensometers—installed about 0.3 m deeper than doubled anchor length on
the depth not smaller than 4.5 m, near the axis of the roadway, spaced at intervals not
less than 30 m. The maximum value of a delamination allowed is 50 mm. The safety
level is fixed for a delamination greater than 1.5% of the roadway width.

Moreover, an appraiser of the bolting should be notified if values of delamination
exceed 50% of maximum values with significant growth dynamics. The presented max-
imum values were defined for a case of a roadway located in intact rock mass with no
additional loads and other factors affecting its stability. The first periodic control station
was designed at a maximum distance of 5 m from the beginning of the roadway supported
with independent bolting. Locations of other stations were designed as dependent on
geological and mining conditions.

Five periodic control stations were installed in the Bw-1n roadway. Measuring devices
installed differ between the stations, however, all of them are equipped with:

e instrumented bolts of varying amount and spacing,
e extensometers of different construction and varying amount.

The first station also consists of extensometric probe installed in the axis of the roadway.
Distances between subsequent stations varies. The first and second stations are located
closer to each other than another stations. A cross section and top view of the second
station, serving as an example, are presented in Figures 1 and 2.

Measurement of the convergence is conducted using convergence control stations.
Each station comprises two sets of benchmarks allowing to measure convergence in both
vertical and horizontal directions. Similarly to the periodic control stations, five conver-
gence control stations were installed in different spacing. Locations of convergence control
stations are not identical to locations of periodic control stations. A cross section and top
view of the convergence control station are presented in Figure 3.

Designed frequency of conducting measurements of extensometers was:

e  visual control and record for three extensometers closest to the roadway face—once
every working shift and once a day on days off;

visual control and record for other extensometers—once every week;

only visual control of other extensometers—once every working shift and once a day
on days off;

visual control and record after the roadway driving is over—once every week.
Designed frequency of conducting measurements on periodic control stations and
convergence control stations was:

during first two weeks of control station’s existence:

visual control and record on periodic control stations—once a day;

visual control and record on convergence control stations—once a week;

after two weeks:

visual control and record on both periodic and convergence control stations—once a month.

During the realization phase of the project, frequency of measurements was reduced.
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Figure 1. A scheme of periodic control station no. 2 vertical cross section.
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Figure 2. A scheme of periodic control station no. 2 top view.
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Figure 3. Cross sections of the convergence control station.
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3. Results
3.1. Roof Delamination Control-Extensometers

Figures 4-8 present values of roof delaminations measured on subsequent periodic
control stations together with the date of measurement, distance between the station
and the roadway face and depth (level) of the delamination. The greatest values of the
delaminations were observed shortly after the extensometers were installed, which is
related to small distance between the station and the roadway face. Stabilization of the
delaminations’ values can be observed as the distance between the station and the roadway
face growths. It is especially visible in diagrams presenting data from stations 1-4. It
indicates a proper installation of roof bolting, which connects rock layers and prevents
delaminations’ propagation.

cla scjaBsclascilascijascilasciasclanscijasclasacijasc|laac|aaciaac|asciasc|ancilasc|las

s4m 86 m 2% m 242m 266 m 32m S84 m 908 m s26m %6 m 3204m | 4620m | $T84Am

9| 26112019 | 27012019 | 25112019 | 29112019 | 30.11.2019 | 62122019 27042020 29042020 30062020 | 250720020

Oleft sidewall M@roadwayaxis  m@right sidewall

Figure 4. Roof delaminations’ values measured on the periodic control station no. 1.
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Figure 5. Roof delaminations’ values measured on the periodic control station no. 2.
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Figure 6. Roof delaminations’ values measured on the periodic control station no. 3.



Energies 2022, 15, 95

7 of 17

25

20

—
o

t—
o

delaminations, mm

16

14

12

—
o

delamintaions, mm
(=]

-

[38)

A B ClA B C

om 32m

16042020 | 17042020 | 18042020 | 20042020 | 21042020 | 22042020 | 23042020

A B C

0m

!II“[IHII[I[IHIIH[I[IIIE[III

A B claBsclanc|laaciaac|lasc|laaciasc|iascianc|ansc|asc|lasc|asciasc|lasc

496 m 6xm &2m 1020 2622m M49.4m 910m 4745m | 4M4%m

96 m 96 m 168 m n2m

24042020 | 27042020 | 2042020 | 06082020 ) | 12062020 | 30062020 | 16072020 | 2072020

Oleft sidewall Droadway axis Mright sidewall

Figure 7. Roof delaminations’ values measured on the periodic control station no. 4.
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Figure 8. Roof delaminations’ values measured on the periodic control station no. 5.

On the first periodic control statins (Figure 4) at the distance of about 25 m from the
roadway face, increase of delaminations’ values at both sidewalls occurred. However, these
values did not exceed critical values, thus there was no need to take preventive actions.
Values of the delaminations in the roadway axis remained unchanged during the whole
period of measurements.

Maximum delamination value measured on the second station (Figure 5) was only
5 mm, which proves the effectiveness of the roof bolting and indicates that bolting spacing
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Delaminations., mm

was designed correctly. On the third control station, the values of delaminations were
measured only at the sides of the roadway (Figure 6). Similarly to the second station,
maximum values did not exceed 5 mm.

Constant growth of the delaminations” value at the left side of the roadway was
observed at the station no. 4 (Figure 7). It stabilized at the value of 23 mm in the distance of
400 m from the roadway face. Due to significantly greater values of delaminations on the
left side of the working, the decision was made to install additional anchor at that side.

Maximum values of the delaminations measured on the fifth periodic control station
were equal 15 mm. Similarly to the station no. 4, they occurred on the left side of the
roadway. Moreover, constant growth of delaminations” value in the roadway axis was
observed. It was probably caused by small distance between the station and the roadway
face as well as with occurrence of unfavourable geological and mining conditions.

Figure 9 presents values of delaminations measured during everyday control. During
the sixth month of the project (March 2020) exceedance of the allowed value was observed,
indicating occurrence of fractures in the roof. Due to this situation, an on-site verification
was conducted by the appraiser on 25 March 2020. Basing on the roof examination with
a borescope, it was stated that the fractures were caused by the occurrence of thin coal
layers. It was decided to install additional anchors in this area, also the bolt spacing for
forthcoming phases of the project was changed. Provisions taken were successful, as no
fractures in the roadway roof were noticed in subsequent project phases. Currently, the
Bw-1n roadway is stable and values of delaminations remains at a safe level.

III

i 2 5 1

v
7] 7] 7 B 7 7 7 7] - 7 7 7 7 7 7 7 7 7]

@ Horizon A @LevelA OHorizonB @LevelB  @HorizonC @ Level C

Figure 9. Values of the delaminations measured during everyday control.

3.2. Roof Delamination—-Multilevel Mechanical Extensometers and Extensometric Probes

Range of the roof delaminations was monitored using extensomteric probe on the first
periodic control station and multilevel mechanical extensometer on other stations. Values
of the measured range remain unchanged. Values of both displacements and delaminations
measured using an extensometric probe differs slightly (Figures 10 and 11), but, due to the
high sensitivity and accuracy of the probe, such differences might be omitted. Similarly,
values obtained using multilevel mechanical extensometer (Appendix A) remain stable in
time. It is worth noting that it also applies to the fifth control station, which is located close
to the roadway face.
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Figure 11. Roof displacements measured using extensometric probe—periodic control station no. 1.

3.3. Bolt Loading—Instrumented Bolts

Bolt loading was measured using instrumented bolts, equipped with strain gauges.
Axial force variations between positive and negative values indicate existence of a fracture
or delamination. Lateral moves of rock layers can lead bolt shearing, which in turn effects
in high amplitudes of measured forces.

Load stabilization is observed on stations distant from the roadway face (stations
no. 1-4). Minor deviations occurring are an effect of high sensitivity of strain gauges to
rock mass movements. The phenomenon of the load stabilization is particularly visible
on the stage no. 4, where values of axial forces remain unchanged since the roadway face
reached the distance of 70 m from the control station.
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Extremely high loads were recorded on the periodic control station no. 5 They caused
destruction of some strain gauges during first measurements. This phenomenon is an effect
of unfavourable geological and mining conditions, particularly high density of rock mass
fracture in this area. It causes occurrence of rock layers movements and thus high values of
axial strengths acting on bolts.

3.4. Convergence

Similarly to the roof delaminations and bolt loading, the correlation between con-
vergence and distance between the control station and the roadway face is distinct. A
reduction of the roadway dimensions was observed on convergence control stations no. 1-4
in close proximity to the roadway face, but for a significant time such phenomenon does
not occur. This contrast with the case of convergence control station no. 5, where dy-
namic convergence growth is observed, due to the close proximity of the roadway face
and unfavourable geological and mining conditions. Diagrams of the convergence values
measured on subsequent convergence control stations are presented in Appendix A.

4. Conclusions

Stability of the Bw-1n roadway, the first roadway driven by Bolter Miner machine
in Polish coal mining industry, was constantly monitored using five periodic control
stations, five convergence control station and numerous everyday control stations Stability
monitoring comprises:

delamination monitoring using extensometers,
delamination monitoring using borescope,

delamination range monitoring using extensometric probes,
bolt loading monitoring using strain gauge bolts,

strength tests of roof rocks using penetrometer,

pull-out bolts tests,

convergence monitoring.

The main goal of stability monitoring in the Bw-1n roadway was conducted to prove
safety of independent rock bolting support in conditions of Polish coal mining industry.
Constant control of the monitoring system is also conducted to adapt designed support to
existing geological and mining conditions. Regarding safety, monitoring system showed its
relevance especially in sixth month of the project, when exceedance of allowed designed
values observed helped to adjust support parameters and thus maintain stability and safety
of the roadway. Adaptation to changing geological and mining conditions and parameters
of the roadway was possible mostly because of the proper monitoring system.

Data gathered from numerous elements of the monitoring system allowed us to
prove the safety and stability of the Bw-1n roadway. Analysis of this data showed proper
interaction between the rock bolting and rock mass. During the nine months of roadway
driving as well as another year of its existence it remained stable and safe.

The only problem identified during the project was delamination of the rock layers
over the range of bolting conducted. However, they are present in very unfavorable
geological conditions. The solution for this issue is application of long elastic bolts with
length of 5.0 m. Furthermore, in this case, the bolting pattern was adjusted.

It was concluded that in future applications bolting pattern should be constantly
analyzed and adjusted to current geological and mining conditions, as it was done in the
project. It allowed to maintain proper level of safety by adapting to conditions.

According to the opinion of the expert in domain of roof bolting responsible for the
project, independent roof bolting is possible to use in conditions similar to Bw-1n roadway,
thus it is applicable in conditions of underground coal mines in Poland. However, constant
monitoring of rock mass and support is necessary, similarly to the described case. The
most important issue is constant adjustment of the bolting pattern, according to analysis of
monitoring data gathered and opinion of the expert.
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The possibility of application of a remote delaminations monitoring system was
analyzed in the project. Such a solution, gathering and transmitting data in near-real time,
can further improve level of safety and comfort of miners as well as provide thorough
analysis of interaction between support and rock mass, which can help to improve design
of the rock bolting support for another mine workings. However, no relevant data were
gathered using this system. Although experience gained can help to improve the system to
be used in another mine workings.

As the near-real time monitoring is becoming increasingly popular in mines and
technologies of it are constantly developing, the introduction of such system in Polish coal
mining industry is inevitable. It is important to introduce it in such a research project,
where besides the safety issues, it can improve rock bolting support for Polish coal mines
due to thorough data analysis.
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Appendix A

Results of roof delaminations and convergence measurements.

1. Measurements of the roof delamination

44 m 640m b6
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Figure Al. Roof delaminations measured using multilevel mechanical extensometer—periodic
control station no. 2.
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Figure A2. Roof delaminations measured using multilevel mechanical extensometer—periodic
control station no. 3.
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Figure A3. Roof delaminations measured using multilevel mechanical extensometer—periodic

control station no. 4.
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Figure A4. Roof delaminations measured using multilevel mechanical extensometer—periodic

control station no. 5.

2. Convergence measurements
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Figure A5. Change of the roadway dimensions—convergence control station no. 1.
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Figure A6. Change of the roadway dimensions—convergence control station no. 2.
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Figure A7. Change of the roadway dimensions—convergence control station no. 3.
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