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Abstract: The article presents the impact of geological and mining factors on the stability of room
excavations in the Legnica-Głogów Copper District (LGOM) in Poland. In underground mining,
the primary task of bolting of mining excavations is to ensure their stability as an essential condition of
work safety. Appreciating the role and importance of the rock bolting in Polish ore mining; rock bolt
load sensors were designed, manufactured and tested under laboratory conditions. The purpose of the
research was to characterize the sensors and determine the elastic range of the bearing plate, which are
an integral part of the sensor. The sensors have been verified in industrial conditions. The tests were
carried out in the underground copper ore mine in Poland. Three rooms in the exploitation field were
selected for testing, where exploitation was carried out at a depth of 809–820 m below the ground
surface with the application of room and pillar with roof deflection and maintaining the central part
of the field. The exploitation field included 60 rooms and pillars. The effectiveness of the mechanical
load sensor of the expansion rock bolt support has been experimentally confirmed. Based on mine
research, it was found that the largest increases in the load of the rock bolting, vertical stress and
convergence occur in the middle of the mining field.

Keywords: rock bolt support; room and pillar method; monitoring; mechanical and vibrating
wire sensors

1. Introduction

One of the conditions for safe exploitation of ore deposits is the ability to maintain the specific
geometrical parameters of a room excavation for a certain period of time. In this case, the stability of
the room is determined by the limit span of the roof. In ore mining, there are cases that at spans smaller
than limit, due to structural disorders, there are symptoms of local instability in the form of roof falls or
stratification of the roof. The direct causes of local instability may be excessive concentrations of tensile
stress in the roof, compressive in the side wall, as well as local change in strength parameters of the rock
mass [1]. The potential for activation of local instability can be estimated based on observation of the
mining crew. Particularly in the case of dynamic loads resulting from blasting works or natural tremors,
the crew is required to tear off hazardous rocks before commencing work in a given shift, or secure
with a support those solids that cannot be broken. Based on observation and research in industrial
conditions, various rock mass classifications are developed to assess local instability. An example would
be the RFRI fall risk assessment index [2], which lists 10 categories of roof defects. It should be stated
that RFRI index does not take into account technological factors related to the mining system. In terms
of maintenance of the excavation, rock mass discontinuities such as fissures and stratification play
a special role. One method for estimating the impact of these parameters is the RDi classification [3]
enabling estimation of the drilling rate based on rock texture and other geotechnical features of
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the rock mass. Among the assessments of the behaviour of underground excavations in ore mines,
in particular in the Legnica-Głogów Copper District (LGOM) in Poland, noteworthy classifications are
based on the analysis of measurement results in the exploitation field. Korzeniowski [4] proposed six
parameters, such as distance from the exploitation front line; convergence rate and convergence along
the exploitation front line; convergence on the goaf side; number of key blocks; compressive strength
of roof rocks, based on which he determined four categories of roof falls.

The issue of rock bolting and rock mass monitoring work is of great interest to both mining
plant and many research centers. Prediction of the magnitudes of the in situ and induced stresses
is a vital part of the underground excavation design process and monitoring [5]. For underground
mining, new sensor designs are created for extreme operating conditions, in particular in mining
conditions, but also in tunneling. In underground excavations, the quality of rock bolt support
operation and the behaviour of the rock mass around the excavations are assessed by means of rock
bolts based on the following systems: strain gauges [6–10]; vibrating wire [11–13]; optical fibers [14–16];
cavimeter method [17], and also using non-destructive testing methods, using the phenomenon of
wave propagation (reflexion method) along the tested element [18–23]. Another direction of research
is associated with the use of mechanical load sensors, whose common feature is the relatively simple
structure and low cost of implementation. When determining the load on the rock bolting, the speed
and simplicity of measurement, access to the sensor, accuracy of reading and measurement should be
taken into account. In addition, the possibility of sensor damage due to a technological process or
the occurrence of natural hazards must be taken into consideration. Economically, production and
technical rights of production must be kept, which preclude the use of load sensors on each of the bolts.
The use of single load sensors of the rock bolt support in the event of limit states allows for taking
appropriate measures to protect the mining crew against sudden loss of excavation stability. A simple
and quick way to measure the load on the rock bolt support are mechanical sensors in the form of:

• Sleeve with variable diameter, which under loads becomes subject to yield and crush.
A characteristic feature of the sleeve is the variable geometry of the three walls along the
entire length. During the yielding process, its length is reduced to approximately 25 mm. On the
basis of the crushing positive zones in the sleeve, the observer qualifies the load acting on the bolt
support [24];

• Measuring cylinder, which is covered with metallic enamel. Load measurement is based on the
observation of the enamel surface area loss from the measuring cylinder. The main advantage
of this method is the rapid observation of changes in the sensor coating, but it should be stated
that the assessment of the load by the person monitoring the condition of the bolt support is
subjective [25];

• Slide out the colored pin from the measuring sleeve inside the sensor equipped with disc springs.
Under load, the disc springs are compressed and the bolt extends from the measuring sleeve.
Load identification is based on the appearance, extension of the pin with the red segment.
Knowing the pitch of the nut thread and the number of turns needed to determine the level
between the red and black ranges on the measuring pin, the load can be qualitatively estimated [26];

• Fall of measuring cylinders from a dynamometric bearing plate, which consists of two cylinders
that move relative to each other due to the effect of compressive load. The thickness of each
measuring ring is selected according to the load-deformation characteristics of the elastic element.
After sliding and falling off individual measuring rings of known thickness, their number is
visually determined and the values of axial force loading the bolt are determined indirectly [27,28].

The efficiency of making the bolt support in the conditions of LGOM mines, most often includes
activities related to checking the correctness of its installation in the excavation. In the case of expansion
bolts, the tightening torque of the bolt nut is checked with a torque wrench and their load capacity
is tested by pull out tests. For the conditions of underground mining of copper ore deposits in the
LGOM, optimal methods for monitoring the rock bolt support and the rock mass are still being sought.
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In the rock mass classifications for the LGOM region, parameters that take into account the load
on the bolt support are missing. Currently, mechanical sensor designs lack solutions that consist of
two bearing plates and two disc springs, which differ in the rigidity of the construction materials
and whose load increase can be quickly assessed by manual measurements. Therefore, in this study
laboratory tests have been performed on the characterization of a new mechanical load sensor for the
rock bolt support. In addition, the sensor was used in industrial conditions in the underground copper
ore mine in LGOM in Poland, in which a room and pillar method with roof deflection and maintaining
the central part of mining field is used. The results of tests in situ in relation to the measurements of
the convergence of the excavation and the increase of vertical stresses in the inter-room pillars confirm
that the sensor can be an indicator of the rock bolt support load, contributing to an increase in the level
of safety in the room excavations.

2. Factors Affecting the Stability of Room Excavations in LGOM Mines

2.1. Impact of Shocks

Currently, in underground mining, the main factor causing dynamic loads on the mining support
is the occurrence of rock mass shocks that reach to a given mining excavation [29–32]. Exploitation of
copper ore deposits in the LGOM area is associated with rock mass shocks, which very often determine
the stability of the room excavations. Mining shocks can cause a rock burst, leading to loss of excavation
functionality. At present, shocks are distinguished for the LGOM region, which are characterized
according to the classification presented in Table 1.

Table 1. Energy classification of rock mass shocks [33].

Seismic Energy, E/J Description

E < 103 very weak

103
≤ E < 104 weak

104
≤ E < 105 medium

105
≤ E < 107 strong

high energy
E > 107 very strong

The impact of mining shocks on the room excavations with seismic energy E ≥ 105 J, forces the use
of various rock burst prevention measures related, among others, to the introduction of the so-called
waiting times. Re-execution of works in the exploitation field after a rock mass shocks with energy
E ≥ 105 J may take place after the set time of waiting and carrying out the inspection of excavations in
the danger area. The danger area includes mining excavations located at a distance of:

• up to 100 m from the epicenter of a shock with seismic energy 105 J ≤ E <106 J or the place of
its effects;

• up to 150 m from the epicenter of a shock with seismic energy 105 J ≤ E <106 J or the place where
its effects occur;

• up to 200 m from the epicenter of the shock with seismic energy E ≥ 107 J or the place of its effects;
• in the event of a rock burst or stress relief (regardless of the seismic energy) the danger area

includes the operational front.

Geomechanical and technological shocks occurring in copper ore mines are one of the most
important problems related to the loss of excavation stability [34,35]. Additional dynamic loads
negatively affect not only the functionality of the room excavation, but also the condition of the rock
bolts. Based on mine observations, it was found that the largest changes occur in the case of very
stratified or irregularly built roofs. In most cases, there are no visible changes in the roof and bolt
support after the shocks occur. The effects of roof destruction appear relatively rarely and usually are
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visible only after a certain period of time. The impact of rock mass shocks on the excavation condition
is manifested in the form of: falling off rock lumps from the side walls of excavations (local dynamic
rock outbursts from the side walls of the excavation); falling of rocks around bearing plates; falling out
of small rock fragments between the bolts, causing the process of further destruction of the roof;
the formation of fissures between bolted layers; breaks (fissures) in the roof layers (Figure 1a); local roof
falls of the roof layers about 2 m high (Figure 1b); lifting the floor of the room. However, the impact of
rock mass tremors on the rock bolt support is manifested in the form of: breaking of the bolt when the
roof rocks fall, only a few dozen centimeters thick, whose weight per bolt is disproportionately small
compared to its carrying capacity (Figure 1c); a decrease in the pre-tension of the expansion bolts from
30% to 50% and the sliding of the bolts from the hole (Figure 1d).
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2.2. Geological Factors

The copper ore deposits mined by KGHM in the Legnica-Głógów Copper District in Poland are
located in the southwest part of the Fore-Sudetic Monocline, close to the northern boundary of the
Fore-Sudetic Block. The monocline is composed of Upper Permian to Cretaceous sediments, and it
is a part of the Permian sedimentary basin [36]. The monocline, in the area where the copper ore is
found, is formed of sedimentary rocks belonging to the Permian and Triassic eras, dipping at the
angle of a few degrees. The Permian-Triassic formations of the monocline are discordantly covered by
Tertiary and Quaternary sediments. The copper ore deposit of the Fore-Sudetic monocline dipping
to the NE, similarly to the layers creating the monocline, is classified as of the stratified type in the
sedimentary rocks (sediment-hosted copper ore deposit) [37]. The deposit is formed of accumulations
of copper sulphides, occuring in the white and grey-white sandstones of Red Footwall Sandstone
(Rotliegendes) and Upper Permian (Zechstein), and in the cupriferous shales and carbonate rocks
(mainly dolomites) of the Upper Permian (Zechstein) [37]. The detailed distribution of copper ore
deposits in the Legnica-Głogów Copper District were presented in publications by Oszczepalski
et al. [38] and Skrzypkowski et al. [34]. The thickness of the main roof rocks in the LGOM mines
reaches over 200 m and consists mainly of anhydrite, limestone and dolomite with a strength that is
7 to 10 times greater than the strength of floor rocks (Figure 2a). The main roof rocks in the LGOM
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mines consist of a sedimentary sequence, over 200 m in thickness, of sub-horizontal carbonate strata
(both dolomite and limestone). Wherein, the dolomites reach about 20 meters, and above is an anhydrite
strata. Sedimentary layers of the anhydrite and gypsum are parallel to the bedding. These parameters,
together with the depth of deposit deposits, lithological structure and rich tectonics (faults, fissures),
mean that the deposit is in specific loading conditions during exploitation [39,40]. The impact of rock
lithology on rock strength is manifested in the fact that the more strong, resilient and non-deformable
rocks are, the more rock mass is usually prone to generating tremors [41]. The mining forehead
consists of three types of rocks: limestone and dolomites, copper-bearing shales and sandstones.
The so-called shale zones, which are characterized by the lack of deformation of the copper-bearing
shale layer, have a significant impact on the strength properties of deposit rocks. Instead, durable,
irregular sandstone lenses with clay-anhydrite binder appear [42]. The factor that determines the
structural image of the deposit and creates difficulties in its access and exploitation are faults (Figure 2b).
Often exploitation filed is cut by several normal faults with dominant dip direction. Nearly 60% of the
faults have throwings below 1 m, about 35% of the faults in the range from 1 m to 10 m and only slightly
more than 5% of the dislocations have an amplitude above 10 m [40]. The increase in seismic hazard in
the vicinity of faults results from the existence of discontinuities facilitating the displacement of rock
layers. The ability to activate a fault depends on the conditions on the fault surface. The greater the
angle of inclination of the fault plane, the lower the friction force on the fault surface, and the greater the
possibility of violating its balance [43,44]. A characteristic feature of copper ore deposits in the LGOM
area is the presence of carbonate rocks in the roof, which are represented by dolomitic marlstones,
which are fragile rocks, which are hardly resistant to mechanical factors; streaked dolomites are easily
destroyed; limestone dolomites resistant to mechanical factors and dolomitic limestone which is also
a compact and strong rock. Carbonate rocks have a layer structure (Figure 2c,d).
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Figure 2. Geological factors affecting on the stability of a room excavation: (a) Variability of rock
compressive and tensile strength; (b) Fault parameters; (c) Stratification of roof layers; (d) Stratification roof
with visible horizontal white layers of gypsum and anhydrite.
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In 2001 Kidybiński [45] analyzed 264 endoscopic holes from three LGOM mines in order to assess
the plate structure of roof rocks. As a result of the research, a method of classifying endoscopic
profiles was proposed. In more than 50% of the tested holes, only horizontal gaps were encountered
(i.e., there were no areas of structural weakness that were not gaps). Oblique and vertical gaps were
encountered in more than 5% of the holes. However, in 50 holes mineral overgrowth was found,
which are potential surfaces for breaking the roof, among them calcite and gypsum veins could be
distinguished. Based on the profile of the endoscopic hole, usually 5.0 m in length, it was proposed to
introduce an index of stratification of roof rocks. The indicator can be useful for uniform numerical
assessment of the layered structure of the roof. The selection of the rock bolt support for mining
excavations in the underground mines in the LGOM area is based on the recognition of geological
and mining conditions, consisting in determining the roof class, in accordance with the instructions
of KGHM Polska Miedź S.A. [46] determining the value of geomechanical parameters of roof rocks.
Classification of roof rocks (Table 2) was based on the hierarchy of importance of parameters (Table 3),
which determine the stability of mining excavation roofs.

Table 2. Classification of roofs in copper ore mines due to the selection of rock bolt support.

Roof Class Summary Grade (SG)/% Description of the Roof Rocks Net Bolting/m

I ≤20 weak 1 × 1

II 21 ÷ 40 medium strong I 1.5 × 1.5

III 41 ÷ 60 medium strong II 1.5 × 1.5

IV 61 ÷ 80 strong 2 × 2

V 81 ÷ 100 very strong 2 × 2

Table 3. Parameters characterizing roof rocks in the aspect of rock bolt support selection.

Parameter Degree Point Value/% Information on the Parameter

Stratification of roof/cm High 35 Core drilling analysis and fracture
analysis with endoscopic sighting

Tensile strength/MPa High 30 Core tests of geotechnical holes

Degree of fault/m2/m Medium 15 Analysis of exposed faces in
excavations, especially their roof,

analysis of the sketch of fissures made
for a given part of the mining field

Compaction of mineralized fissures in
the excavation roof/cm/m2 Medium 15

Average throw of fault/m Low 5

Table 3 shows that the excavation stability is mainly determined by the areas of reduced mass
density up to 70%, and to a small extent rock strength parameters up to 30%. After determining the
roof class, the rock bolt support (spacing and length) is selected. The bolt support is selected for the
entire period of operation of excavations in the mining field, before proceeding to the cutting phase.

The width of excavations carried out at the cutting phase, maintained at the phase of developed
exploitation and during the liquidation phase depends on: the roof class, the exploitation method used,
mechanization process, the height of the forehead rooms and the minimum inclination angle of the
side walls.

The selection of the rock bolt assumes the maximal width of excavations achieved in the developed
field exploitation phase. Additionally, based on the correction factor (K), the corrected roof class in
a given exploitation field is determined:

K = SG ·w1 ·w2 (1)

where K—correction factor; SG—total point value (summary grade); w1—operational weakening
factor of the roof for rock bolts of a certain length and w2—rock mass reinforcement factor.
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As a result of the introduction of the correction factor, the grade of the roof may be reduced by
a class, especially in thick-layer roofs with high tensile strength and relatively low tectonic involvement.
A direct consequence of the reclassification, while maintaining the assumed length of the bolts and the
width of the selected space opening, will be the necessity to thicken the bolting scheme and reduce
the maximal width of excavations in the developed field exploitation phase. An alternative might be
to extend the bolts or reduce the opening width. In the cases of new fields and fields with existing
roof falls, the bolt support selection is verified. In addition, ongoing monitoring of excavation stability
includes visual observation and random checks of bolt support performance parameters. In justified
cases, in particular improper cooperation of the bolt support with the rock mass or the implementation
of new types of support, geomechanical tests of rocks, stratification of roof rocks, roof decreasing and
bearing capacity of the bolt are carried out.

2.3. Mining Factors

The basic condition for safe and economical exploitation of deposits is proper management of
the roof, including determining its full carrying capacity. Due to the way the roof is managed in
the LOGM underground mines, there are methods with roof deflection and automatic caving as
well as methods with roof protection (hydraulic backfilling and rock fill).The use of room and pillar
method with roof deflection consists in cutting the deposit with the arrangement of rooms and leaving
inter-room pillars of such dimensions that on the front of the works leads to the destruction of the
structure of the pillars and their work in a post-failure state (Figure 3a). This is particularly important
in rock burst hazard conditions, as the rock mass in the post-failure state has very little capacity
to accumulate elastic energy. That is why proper selection of shape and technological dimensions
is a fundamental technological method for combating rock bursts. The pillars work on post-failure
(decreasing) stress-strain characteristics, characterized by high yieldable and allow the roof to deflect.
A stratified and relaxed rock block breaks off the roof over the entire mining field, which loads the
technological pillars [35]. The final phase in the field of exploitation is the cutting of inter-room pillars
(Figure 3b) to the minimal dimensions (Figure 3c). This process is followed by a roof caving in the
depths of the goaf.
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As the mining front advances, the technological pillars change their shapes, the rooms expand
significantly and the roof area per unit of active pillar cross-section increases. Under these conditions,
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stratification or roof falls may occur. In a horizontally stratified rock mass, it can be assumed that in the
first phase of driving a room excavation (Figure 4a), the behaviour of the room is similar to the work of
a beam evenly loaded and restrained at both ends. The safe excavation width at this stage of operation
is determined by ensuring moderate deflection of the roof layers. The rock mass, which is stratified,
is characterized by surfaces of reduced density, therefore, with the passage of time, the phenomenon of
separation of the direct roof layers from stiffer layers of the main roof may occur. As the mining front
moves, the roof beam begins to crush and sag (Figure 4b). A pressure vault forms in the relaxed zone
of the roof. Further widening of the room excavation results in a three-hinged arch in the direct roof
(Figure 4c). Exceeding the maximal width of the excavation leads to the destruction of the three-hinged
arch and the fall of rocks into the excavation [47].
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Figure 4. Behaviour of the room excavation roof as a result of moving the mining front: (a) Direct roof
in the bed cutting phase; (b) Fissured and bending roof beam; (c) Formation of a three-hinged arch;
L—room width; Lmax—maximal room width; 1—pressure vault; 2—relief stress zone.

Assessing the stability of the room in the room excavation, it can be assumed that rock layers
bolted to the height equal to the length of the base rock bolt support are treated as: continuous;
discontinuous, two-span; discontinuous, three-span and multi-span. As a result of the passage of the
room excavation from the cutting phase to the developed phase of exploitation, the load capacity of
the roof changes as its maximum span increases. A continuous layer can transform from a continuous
to discontinuous two-span, three-span or multi-span (Figure 5a–c). As research shows [48] there is no
simple relationship between the threat of roof rock collapse in the developed mining zone and the
nominal load-bearing capacity. The difference results from the actual tensile strength of the anchor rod
and their nominal load capacity.
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discontinuous; d—layer thickness, L—layer span; ms—length of the middle block; T—axial force.

From Figure 5a, it follows that the decisive influence on the roof stability in the case of a continuous
layer has the tensile strength of the rocks in the extreme lower sides. Safety factor for continuous layer
(B1) can be calculated according to the following formula:

B1 =
Ts

σt
(2)

where Ts—tensile strength of rocks and σt—maximal tensile strength.
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Maximal deflection (f) of the roof can be calculated according to the following formula:

f =
γ · L4

32 · E · d2 (3)

where γ—unit weight; L—layer span; E—Young’s modulus and d—layer thickness.
In the case of a discontinuous double-span layer, the compressive strength of rocks in the lower

and upper hings plays a decisive role. Safety factor (B2) for this case can be calculated according to the
following formula:

B2 =
Cs

σc
(4)

where Cs—compressive strength and σc—maximal compressive strength.
For the three-span discontinuous layer, safety factor (B3) for this case can be calculated according

to the following formula:

B3 =
4 ·m · a · c

r
(5)

where m, a, c—coefficients and r—block slenderness (r = L/d).
In bolted roofs, it is particularly dangerous to crush hings and slip on the surfaces of vertical or

oblique fissures. The possibility of destruction of a discontinuous rock layer by buckling is small, as it
concerns loose layers of rocks of very low thickness [48].

3. Laboratory Tests of the Rock Bolt Support Load Sensor Characterization

The tests were carried out in the bolting laboratory of the Department of Mining Engineering and
Work Safety at the AGH University of Science and Technology in Krakow. Mechanical load sensors
for the rock bolt support have been designed and manufactured in laboratory conditions (Figure 6a).
The sensor consists of two profiled bearing plates, two disk springs, three mounting screws and three
holes in the bearing plate (Figure 6b).
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Construction materials of different stiffness have been specially selected so that under the influence
of load first there is incomplete compression of the springs, and then plastic deformation of the bearing
plate from the side of the bolt rod flange. Plastic deformation of the bearing plate is possible due to the
difference in the diameter of the holes in the bearing plate and in disc springs (Table 4).

In the tests an expansion rock bolts with a length of 1830 mm, which was installed in the concrete
block. were used. The expansion head with a length of 93 mm and a diameter of 36 mm (Figure 7)
was expanded in the bolt hole with a diameter of 38 mm, using a torque wrench. Measurement of the
mechanical deformation of the force sensor (change in distance between two bearing plates) was made
through three holes in the bearing plate using an electronic caliper (Figure 8).
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Simultaneously with the measurement of the mechanical deformation of the force sensor, load
measurements of the entire bolt support were carried out. Four strain gauges force sensors were used
for the measurement, which were connected to the measuring amplifier type QAUNTUM MX840A
(HBM, Spectris plc, Darmstadt, Germany). The measurement results were monitored on an ongoing
basis in the CatmanEasy software (HBM, Spectris plc, Darmstadt, Germany). The tests were carried
out under static load. The load rate was 0.5 kN/s. The tests assumed a hold time of 120 s, which was
used to read the measurements from the caliper. Each time after a 10 kN load increase, the hold time
followed. Rock bolts equipped with force sensors have been tested five times. The results of sensor
calibration measurements are presented in Figure 9a–e.

Table 4. Technical parameters of disc springs and bearing plates of a mechanical force sensor.

Parameter Disc Spring Bearing Plate

Outer diameter/mm 125 141

Inner diameter/mm 61 22

Thickness/mm 8 6

Free height without load/mm 10.90 16.60

Material 50CrV4 S235JR
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Figure 8. Sensor calibration.

Based on the sensor calibration results, it can be concluded that the spring range of the bearing
plates is in the range from 84 kN to 89 kN. This range corresponded to the elastic deformation of the
bearing plates in the range from 0.95 mm to 1.09 mm. After exceeding these values, plastic bearing
plate deformed inside the disc spring opening, which can be observed by a negative result on the axis
of change in distance between two bearing plates. The minimal load-bearing capacity of the rock bolt
in ore mining should be 100 kN and the extension of the bolt should not exceed 10 mm. The obtained
results of the force sensor calibrations are sufficient in terms of the required load-bearing capacity and
deformability for the underground conditions of the LGOM mines, therefore it was decided to use
mechanical force sensors in industrial conditions.
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Figure 9. Calibration of the mechanical force sensor of the expansion rock bolt: (a) Bolt no 1; (b) Bolt no
2; (c) Bolt no 3; (d) Bolt no 4; (e) Bolt no 5.

4. Industrial Tests

Industrial tests were carried out in the underground copper ore mine “Polkowice Sieroszowice”,
belonging to KGHM Polish Copper S.A. in the LGOM area. Exploration field B was selected for testing,
where mining was carried out at a depth of 809–820 m below the ground surface, with a room-pillar
method with roof deflection and maintaining the central part of the mining field. The research focused
on measuring the load of the expansion rock bolt support, vertical convergence and determining the
increase in vertical stress. Three rooms, numbers 3, 26 and 57, in which tests were performed twice
a week for two months were selected to assess the behaviour of the room excavation during progressing
operation (Figure 10). In exploitation field B, the width of the pillar along the strike was 6 m and length
8 m. On the other hand, the width of the room at the roof was 6 m, and at the bottom 5 m. The height of
excavations in the cutting phase depended on the thickness of the exploited deposit and the operating
requirements of working self-propelled machines and was up to 4.5 m. The room height ranged from
1.8 m to 2.6 m. The minimal opening size of the mining front was equal to the sum of the width of
two strips and the length of two rows of pillars, as well as the section with rooms into the ore face.
The maximal width of the front opening was 112 m. The width of the maintaining the central part of
the mining field included six pillars (Figure 10). As the exploitation front progresses, the technological
pillars from the last row before the goafs were taken, cut into smaller ones, depending on the degree
of their disintegration. Supporting pillars were taken to residual dimensions with a minimal area
of 7.4 m2, and then left in goafs, where they fulfilled the role of supports yielding the curvature of
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the bending floor layers. The space between the residual pillars was filled with the use of rock fill,
obtained from mining of ore deposits.Energies 2020, 13, x FOR PEER REVIEW 12 of 20 
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Figure 10. Room and pillar method with roof deflection and maintaining the central part of the
mining field.

In exploitation field B occurs, three lithological types of ore:

• black shale and laminated streaky dolomite, black to dark gray, concise, with varying thickness
from 0.2 m to 0.6 m;

• dolomite streaked light gray, light beige, concise, with a microcrystalline structure, with fine veins
of light sulphates, contains a small admixture of clay, weakly fissured, with varying thickness
from 0.4 m to 1.4 m;

• dolomite calcareous gray, dark gray, beige, concise, with a microcrystalline structure, locally
cavernous, formed as a set of layers with a clear layer division in packages from 0.2 m to 0.6 m,
corrugated and horizontal lamination dominates, visible sulphate veins, stylolite seams occur of
course compatible with carbonate lamination only locally with vertical course.

The thickness of the balance ore deposit ranges from 1.0 m to 1.85 m (1.35 m on average) with
a capacity of 123 kg/m2 [49]. The ore deposit extends towards NW-SE, 1–4◦ fall on NE. The rock mass
is poorly tectonically involved. Several normal faults were found with discharges from 1.0 m to 4.5 m,
with dip angles from 80◦ to 90◦ and the course of W-E and SW-NE. They form characteristic backstage
systems, often cascading.

There are more or less vertical and oblique fissures with the main directions SW-NE. The ore
deposit is located at a depth of 809 to 820 m below the ground surface. Mining excavations - rooms are
carried out in the bottom layer of the basic dolomite and in the gray sandstone roof (Figure 11).

In order to identify the geological conditions of the ore deposit, in particular in terms of the selection
of the rock bolt support in the area of mining field B, geotechnical holes were made: G1 (crossing of
room no 3 and belt no 3); G2, (crossing of room no 32 and belt no 5) and G3 (crossing of room no 52 and
belt no 5), (Figure 10), from which the cores were taken, on the basis of which structural, strength and
deformation parameters were determined [49,50] (Table 5).
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Table 5. Geomechanical properties of rocks in the exploitation field B.

Parameter Roof Working Face-Room Floor

Compressive strength, Cs/MPa

drillhole 86.8–147.2

95.9–149.0 24.0–33.6
G1 98.7

G2 147.2

G3 112.6

Tensile strength, Ts/MPa

drillhole 5.56–9.52

6.32–8.33 1.34–1.44
G1 7.2

G2 9.5

G3 8.6

Young’s modulus, E/GPa 33.6–55.7 27.4–58.6 10.2–12.0

Bulk density, ρo/kg/dm3 2.67–2.92 2.65–2.74 2.10–2.21

Poisson’s Ratio, ν 0.22–0.25 0.22–0.24 0.15–0.17

Class II and III II

The compressive strength (Cs) and tensile strength (Ts) values for the G1, G2 and G3 drillholes have been specified
in detail up to 9 m in terms of the choice of rock bolt support. In addition, the average core drilling divisibility up to
a height of 1.6 m for drillholes: G1, G2 and G3 was: 137 mm, 160 mm and 114 mm, respectively. However, up to
a height of 1.8 m for drillholes: G1, G2 and G3, was: 139 mm, 167 mm and 116 mm, respectively.
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4.1. Measurement of Bolt Support Load and Vertical Convergence

In selected exploitation rooms: 3, 26 and 57, an additional three expansion rock bolts with new
mechanical force sensors were installed in the excavation roof (Figure 12a). In the industrial tests,
the same bolt support as in laboratory tests were used. The additional bolt support was 1830 mm long
and was installed in the hole by means of a 36 mm expansion head. In the roof of the room excavations
holes with a diameter 38 mm were drilled. In each room, three sensors were installed. The load on
the bolt support was determined indirectly by measuring the appropriate distances of the sensor
reference points using an electronic caliper with a reading accuracy of up to 0.01 mm (Figure 12b).
This measurement was carried out through three holes in the force sensor bearing plate (Figure 6b).
Then, using calibration curves (Figure 9a–e), axial force values were determined. Simultaneously with
the measurement of the load on the bolt support, vertical convergence was measured (Figure 13). In the
test a laser rangefinder, which had a measurement accuracy of up to 1 mm and a range of up to 80 m
was used. As the base of measurement, the end of the bolt rod in the roof and the benchmarks built in
the bottom of the excavation, between which the measurement was taken, was adopted (Figure 12a).
In each of the test rooms: 3, 26 and 57) three measurements were taken, twice a week. The test was
conducted over a period of two months. The results of measurements of the rock bolt support load as a
function of distance from the operational face and vertical convergence are presented in Figure 14a–c.
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4.2. Measurement of Vertical Stress Increase

To estimate vertical stress in three inter-room pillars (Figure 15a), Geokon 4300EX [51] vibrating
wire sensors were installed (Figure 15b-c), whose range of compression is 70 MPa and tensile 3 MPa.
The length of the opening in the inter-room pillar for the sensor was 3 m. The sensors were located in
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the pillars between rooms: 3 and 4; 25 and 26 and 56 and 57. Strain of the ring, caused by a change in
stress in the rock mass, was measured by the vibrations of the wire attached to the inner diameter of
the ring. The change in the resonant frequency of the vibrating wire was read using a GK-403 recorder
(Figure 15d). The test results are presented in Figure 16.
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After making measurements using a vertical stress sensor and reading the value from the recorder,
the state of stress in the inter-room pillar was determined by applying the following formula [51]:

σT = (R1 −R0) · G + (T1 − T0) · 2 · G (6)

where σT—the stress change corrected for temperature/MPa; R0—initial reading/digit and R1—
subsequent reading/digit:

digit =
F2

1000
(7)
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where F—frequency/Hz; T0—initial temperature/◦C; T1—subsequent temperature/◦C and G—
sensitivity factor.

5. Discussion

The load on the rock bolt support was measured on the same day as the measurement of vertical
convergence and increase of vertical stress. The measurement was made along with the progressing
exploitation front in the room and pillar mining method with roof deflection and the maintaining
the central part of the mining field over a period of two months with a frequency of twice a week.
During this time, the exploitation front moved by 75 m. The measuring sensors used to measure the
load on the rock bolts were arranged along the belts in such a way that it was possible to measure the
appropriate values in three characteristic places of the exploitation field, namely in the central part
(room number 26) and in two boundary rooms: on the so-called left wing (room number 3) and right
wing (room number 57). In the period covered by the measurements, changes in the load of the rock
bolt were found in the range from 33.2 kN to 37.6 kN in room number 3. The maximal values were
recorded at a distance of 68 m from the operational face. In room number 26, located in the middle
of the mining field, the load on the rock bolt ranged from 38.1 kN to 39.6 kN. Maximal values were
recorded at a distance of 64.3 m from the operational face. For room number 57 the load ranged from
32.7 kN to 33.6 kN. Maximal values were recorded at a distance of 66.5 m from the operational face.
Taking into account the average rate of load increase of the expansion rock bolt, it can be stated that the
highest growth rate corresponds to the maximal absolute value achieved and in room number 26 is
0.63 kN/day. Accordingly, in room number 3, the average load was 0.56 kN/day, and in room number
57, the average load was 0.53 kN/day. The average daily loads of the bolt support in the central part
of the mining field are higher by 11.11% and 15.87%, respectively, compared to the boundary rooms:
3 and 57.

In the period covered by the measurements, changes in vertical convergence were found in the
range of 370 mm in the right part of the field (room number 57), 478 mm in the left wing (room number
3), up to 545 mm in the middle part, i.e., in room number 26. Taking into account the average the
rate of convergence increase, it can be stated that the highest growth rate corresponds to the maximal
absolute value achieved and in room number 26, it is 8.4 mm/day. Correspondingly, in room number 3
the average rate was 6.4 mm/day, and in room number 57 the average value of convergence rate was
4.9 mm/day. The average convergence rate in the central part of the mining field is higher by 23.81%
and 41.66%, respectively, compared to the boundary rooms: 3 and 57.

The values of vertical stress increase were measured in three inter-room pillars numbers: 3, 27 and
57 simultaneously with the measurement of the load of the rock bolt and vertical convergence.

The maximal increase in vertical stress in the inter-pillar (σT = 15.8 MPa) occurred in the central
part of the mining field, i.e., between rooms 25 and 26; 64 m from the mining face. Then the convergence
was 545 mm, with the maximal load of the rock bolt. For the two boundary rooms of the mining field,
i.e., room number 3 and room number 57, the maximal values of vertical stress increase were 12.6 MPa
and 9.8 MPa, respectively. Then the convergence for rooms: 3 and 57 was 475 mm and 370 mm,
respectively, at the maximal load of the rock bolt. For the two-month period, the average weekly
increase in vertical stress for rooms: 3, 26 and 57 was 1.47 MPa/week; 1.84 MPa/week; 1.14 MPa/week,
respectively. The average weekly increase in vertical stress in the middle of the field is greater by
20.11% and 38.04%, respectively, compared to the boundary rooms: 3 and 57.

6. Conclusions

Based on the laboratory and industrial tests, it can be stated that:

• load measurement of the expansion rock bolt support in industrial conditions can be carried out
manually and does not require an internal or external power source;

• up to the value of 90 kN, the bearing plates exhibit elastic characteristics, after exceeding this
range, the plastic deformation of the bearing plates occurs, which deforms inside the spring disc;
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this is a very important feature that allows a very fast and direct assessment of the rock bolt
support load (at such a load level, the swollen bolt rod or nut does not draw out beyond the plane
of the bearing plate, it is hidden inside the sensor);

• for the underground exploitation of copper ore deposits in the LGOM area, in which the room and
pillar method with roof deflection and maintaining the central part of the mining field is used,
it was found that the largest load of the rock bolt support, increases vertical stress and the value of
vertical convergence occurs in the central part of the exploitation field.

In mining excavations, in which an independent rock bolts support is used, there is a risk of
unforeseen falling of rock blocks into the excavation. The specially designed load sensor of the rock
bolt can be an excellent meter and signaling device that will significantly increase awareness and safety.
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