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Abstract: In this article, a model of ore deposit in form of a lense carried out in the MineScape
program, is presented. The lense had a thickness of 30 m, length along the strike 200 m, and the
depth buried was for 80 m to 110 m below the surface. In the first layer, counting from the lowest
level, a room and pillar method with variable geometry was designed. The width and length
dimensions for rooms and pillars were: 4 m, 5 m and 6 m, respectively. For the selected part of the
deposit, three variants of the system with variable geometry of rooms and pillars were designed,
for which the deposit utilization coefficient was determined. The next stage of the research was to
determine the influence of the geometry of the pillars and rooms on the range of the rock destruction
zone around room excavations. For this purpose, numerical calculations using the three-
dimensional Examine 3D program, based on the boundary element method, were made. The results
of numerical tests were used to calculate the load of the rock bolt support, which is currently used
in the zinc and lead underground mine “Olkusz-Pomorzany” in Poland. Currently in the mine, the
bolt spacing is 1 m x 1 m, and the technology for fixing the bolt rod is based on resin cartridges that
completely fill the bolt hole. In order to spread the spacing of the rock bolt support and to apply
segmental fixing of the bolt rod, in the laboratory tests, rock bolt supports with increased strength
were tested. Based on the results obtained, it was found that the rock bolt can be installed
segmentally, using a cement grout, and its spacing can be increased to 2 m.
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1. Introduction

Contemporary underground mining of mineral resources is increasingly associated with
geological and mining software packages. Computer-aided design (CAD) programs support the
work of engineers from the point of exploration of the deposit, determination of the size of its
resources, mineral quality, geological, hydrogeological, tectonic conditions, through planning of
access and cutting of the deposit. In addition, software programs are used for daily or long-term
mining planning, taking into account natural hazards, cost, quantity and quality constraints. The
development related to the implementation and use of specialized software in mining plants,
facilitates business management and the control of technological processes. The process of planning
and scheduling exploitation requires the combination of a large amount of diverse data, geological,
operational or economic, which is the basis for most of the available computer-aided design
programs. During the process of production planning and scheduling, the boundaries of individual
exploitation filed, and the order of their execution, as well as the directions of preparatory and
accessing excavations, are determined [1]. At present, when designing underground operations,
calculations for operational losses, and consequently, the deposit utilization factor [2], are separately
performed. Also, calculations of rock bolt support loads [3-6] are separately carried out. In
underground mining systems, the relationship between room and pillar geometry is known as a
deposit utilization factor.
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Increasing or decreasing the dimensions of the pillar results in decreasing or increasing the
geometrical dimensions of the room; therefore the extraction rate decreases accordingly and increases
with increasing size and decreasing dimensions of the pillar [7]. In particular, in room and pillar
methods, excessive room width may contribute to smaller operating losses at the same pillar width,
but at the same time, the danger of a large roof deflection, which in consequence leads to a collapse
of roof rocks, increases.

There are no references in the literature that together present both issues (cut off deposit with
rock bolt load). Therefore, this article presents the results of computer-aided design combining with
numerical modeling and tensile tests of a rock bolt support with increased strength. By interlocking
results of individual stages of research, it is possible to determine the permissible width of the room
and the pillar, for which the coefficient of deposit utilization will be maintained, while ensuring the
room’s safety by means of a rock bolt support.

2. Room and Pillar Method for Thick Ore Deposit in the Zinc and Lead Underground Mine
“Olkusz-Pomorzany”

Underground zinc and lead mine “Olkusz-Pomorzany” belongs to ZGH Bolestaw, and is
located in the Silesian Voivodeship in Poland. The deposit occurs in the form of nests and lenses, and
lies at a small depth from 60 m to 120 m. Zinc and lead sulfide ores contain sphalerite, galena,
marcasite and pyrite. Dolomite, barite, calcite, chalcedony and quartz are waste rocks. Galena
contains silver (<10 ppm), and sphalerite —cadmium (0.01-0.05% by weight). Annual production is
1.7 million Mg of ore with zinc and lead content: 2.65% and 0.8% respectively. The average daily
production is about 6000 Mg. The mine uses two methods of exploitations: room and pillar and
shortwall. The post-mining area is liquidated by application hydraulic backfilling [8,9]. Exploitation
fields with a length of 100 m are divided into haulage rooms and within operating pillars up to 30 m.
So separated pillars are selected with rooms usually 5-6 m wide, and 5-6 m high, driving parallel to
the front line. The maximal field opening on the front includes two rows of pillars and rooms. On the
line of the penultimate row of pillars, wooden dams are built in the room sections. A filling pipeline
is fed through one of them, which is shortened as fillings are filled. Thick ore deposit is divided into
layers up to 5 m thickness. Layers are separated, which are horizontal or parallel to the stratification.
Mining begins by selecting the bottom layer with the liquidation of the goaf with a hydraulic
backfilling (Figure 1a). Then the top layers on the backfilling are selected successively (Figure 1b). In
subsequent layers, appropriate preparatory excavations are made, and if possible, roadway
excavations in adjacent layers are used. In the first layer, the room and pillar method is always used.
In the second, third and fourth layers, however, the shortwall method is used.
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2nd layer 5 = S S
lsllaycrr‘P|r‘P|r P | hr plrlp‘r‘P|r§
Sm S5m | 5Sm
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I:' - filled excavation by sand - designed haualge room
(a) (b)

Figure 1. Exploitation of a thick ore deposit: (a) Division into layers; (b) View of rock bolts and fillings
from the first layer.

Under the conditions of the zinc and lead mine “Olkusz-Pomorzany” in the room and pillar
method, it is assumed that the immediate roof is a layer of ore-bearing dolomites with a balance or
off-balance metal content, and with a well-developed fracture net. In addition, the diploporous
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dolomite layer and the roof part of ore-bearing dolomites with a poorly developed fracture net are
considered as the main roof. Calculating the dimensions of inter-room pillars, a static load scheme is
assumed in the considered horizontal section, treating the pillar as a column, subjected to uniaxial
compression by the weight of the rock column calculated from the surface [10]. It is also assumed that
the immediate roof will be temporarily supported in the work space by other pillars with a
rectangular cross-section. According to Borisow [11], the width of the pillar (d) can be calculated
according to the following formula:
10y, -H

d=
C ’ M
E'%—O.S'm'yz—Z'H'yl

where:

d—pillar width/m,

Y1—average bulk density of roof rocks/MN/m?,

H—mining depth/m,

E—creep coefficient for deposit rocks at compression test (for fractured rocks is 0.6, and for slightly
fractured rocks, equals 0.8),

Ca—compressive strength of deposit rocks/MPa,

K —stress concentration factor (for heavily fractures rocks equals 2.25),

m—thickness of the mined layer/m,

Y2—average bulk density of deposit rocks/MN/m?.

The width of mining rooms is most often assumed based on observations of the rock mass in the
base mine, i.e., operating in similar geological and mining conditions. The allowable width of rooms
is calculated assuming certain models of roof beam support or support, assuming that the beam is a
homogeneous and elastic material [12]. In the formulas for the permissible width of the room, it is
assumed that the roof of the rooms is a beam easily supported or with fixed edges. After making the
room, the beam bends under the influence of its own weight, and is separated from the higher layers.
Assuming that the rocks achieve maximal bending deformations without violating the continuity and
that the first fissures appear, the permissible width of the room M can be calculated according to the

formula [12]:
T,k
M=2- [=—, 2
n-y;

where:

M—room width/m,

Ts—tensile strength of roof rocks/MPa,
k—thickness of the bearing layer/m,

n—safety factor,

Y1—average bulk density of roof rocks/MN/m?.

Deposit Utilization Rate for Room and Pillar Method

To model the geometry of the room and pillar method, the MineScape software program was
used. According to the manufacturer, MineScape is currently used in over 200 mining plants around
the world [13]. For example, in Poland the program is used in the underground hard coal mines of
Jastrzebska Spotka Weglowa and in the open pit brown coal mine “Belchatéw”. The MineScape
program operates as one application in which modules are loaded. Each module refers to individual
mining activities. The following modules were used in the work: Core, Stratmodel and Underground.
The Core module is the basic computer-aided 3D design environment required to support other
modules.

In this module design files with layers were created. Using the Stratmodel module, data from
the boreholes was entered. Whereas, the Underground module was used to model the geometry of
the room and pillar method. In addition, based on the variable geometry of the pillars and rooms, the
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deposit utilization rate was calculated and determined. The ore deposit model in the form of a lense

had a thickness of 30 m, length along the strike 200 m, and the depth buried was for 80 m to 110 m
below the surface (Figure 2).

surface area

Volume: 0.230 min m?

30m

110m

lense

f

Figure 2. Ore deposit in form of lense.

Then, the division of the deposit into horizontal layers parallel to each other, whose thickness
was 5 m (Figure 3), was designed. In the first layer, counting from the lowest level, a room and pillar
method with variable geometry was designed. The width and length dimensions for rooms and
pillars were: 4 m, 5 m and 6 m, respectively (Figure 4a—c). For all three variants it was assumed, that
the height of the room and pillar equal 5 m. The aim of the study was to determine the deposit
utilization rate for various geometries of pillars and rooms in the first layer. In Figure 4a—c, the
utilization rate of the deposit for the opening width in the first stage of cutting the deposit is marked
in a green color in the frame. The opening width of the working space includes two rows of pillars
and two rows of operating rooms. The deposit utilization rate for subsequent stages of exploitation
is marked in a red color.
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Figure 3. Division of the deposit into 5 m thick layers (-80 to -110).
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Figure 4. Room and pillar method with variable geometry: (a) 4 m x4 m; (b) 5m x5 m; (c) 6 m x 6 m.

3. Determination the Extent of the Rock Destruction Area around Room Excavations

In order to determine the impact of geometry of the room and pillar on the range of the rock
destruction zone in the roof of room excavations, a spatial model was created for three variants of the
geometry of rooms and pillars in the Examine 3D numerical program, which is based on the
boundary elements method.

In this method, the solution of boundary integral equations was to determine the value sought,
which was the extent of the destruction zone. The model discretized the edge by introducing a finite
number of edge elements. In each element, boundary functions have been approximated by means
of nodal values and interpolation functions called shape functions. As a result, a finite number of
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algebraic equations were obtained. Modeling uses elements with a constant boundary size
distribution. Each of these elements had a node in the middle of its length, while surface values and
displacements were assumed to be constant throughout the entire element and equal values in the
node. In the calculations, the Hoek-Brown [14] criterion was adopted, taking into account uniaxial
compression strength and empirical material constants m and s selected using the RocLab program
[14]. Rock lumps for laboratory tests were taken from the forehead of the exploitation room and the
mining chute (Figure 5a-b). Ten cylindrical samples with a diameter of 50 mm and a height of 100
mm were cut from the rock solids, which were then tested on a testing machine in order to determine
strength and deformation parameters (Figure 6a—c). Dolomite rock samples were characterized by
the following parameters: compressive strength 30 MPa, tensile strength 3 MPa, Young's Modulus
14,700 MPa, Poisson’s ratio 0.22. In addition, the bulk density was 27 kN/m?.

(@) | (b)

Figure 5. Forehead of exploitation room: (a) Drilling blasting holes; (b) Discharge point of output.

(b)

Figure 6. Dolomite samples: (a) Cutting out regular samples; (b) Sample after the compression test;

(c) Sample after the tensile test.

The Strength Factor (SF) criterion, expressing the ratio of rock strength to reduced stress at a
given point, was used to analyze and determine the zones of rock mass destruction around
excavations in the numerical model. If the SF value is less than 1, this means that the reduced stress
exceeds the strength of the rock mass at the point and material destruction may occur (plastic
analysis). Assuming that the system is elastic, material damage does not occur.

In numerical modeling, it was assumed that the excavations were made in a 40 m thick dolomite
layer. The results of the range of the rock destruction zone around room excavations are presented in
the Figure 7a—c. In each of the figures, two sections (A-A and B-B) are perpendicular to each other,
on which the maximum extent of the destruction zone is marked.
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Figure 7. Ranges of the rock destruction zone around excavations for the geometry of the room and
pillar method: (a) 4 m x4 m; (b) 5m x 5 m; (c) 6 m x 6 m.
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The maximal range of the rock destruction in the roof of room excavation is: 1 m, 1.27 m and 1.55
m, respectively, for rooms and pillars geometry: 4 m, 5 m and 6 m. Assuming that relaxed rocks are
located within the designated zone, and taking into account the spacing of rock bolt supports in the
mine, which is 1 m x 1 m, as well as the bulk density of rocks, it is possible to calculate the load per
bolt support. In the calculation, we assumed three safety factors: 1, 1.5 and 2, respectively. The load
model in the form of a cuboid, based on the spacing of the bolt support and the height of the zone of
rock destruction, must be less than the tensile strength of the rock bolt support. From January 2019
in the Polish zinc and lead mine “Olkusz—Pomorzany”, only full column resin rock bolt support
with a wound rod with a diameter of 24 mm rod, for which the maximal tensile load is 111 kN are
used [15]. Bolt supports are installed manually and tightened with a torque wrench. At least two resin
cartridges with a diameter of 30 mm and a total length of 1200 mm are used to fix the rock bolt. Resin
cartridges have a setting time of 120 s. For three production shifts, 240 units are installed. In Table 1,
calculations of the rock bolt load for a room with a width of 4 m, 5 m and 6 m by changing the rock
bolt support spacing from 1 m to 2 m every 0.5 m and the safety factor also from 1 to 2 in steps of 0.5
were presented.

Table 1. Load on the rock bolt support for a variable room width and support spacing.

Room Support  Range of Rock Destruction Zone  Rock Bolt Support Load /kN

width/m spacing/m in the Roof of the Room/m n=1 n=15 n=2
4 1 1 27 40.5 54

5 1.5 1.27 77.15 115.73 154.3

6 2 1.55 167.4 251.1 334.8

n—safety factor

For rock bolt support with a wound rod, the maximal support spacing may be 1 m with a
maximum room width of 5 m, and this applies to the safety factor equal to 1. In addition, assuming
that the maximal width of the pillar according to formula no. 1 is 5.57 m, and the maximal width of
the room according to formula no. 2 is 5.16 m, it can be stated that the maximal width of the room
and pillar should not exceed 5 m, therefore the rock bolt spacing may be 1.5 m x 1.5 m, but the safety
factor for the rock bolt support is only 1.

In order to spread the bolt support and based on Table 1, in the laboratory tests, rock bolts with
increased strength parameters were tested. In addition, the second goal in the laboratory testing, was
to achieve a safety factor greater than 1.

4. Load —Displacement Characteristics of Rock Bolt Support for Various Connection
Mechanisms

Laboratory tensile tests of the rock bolt support 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. Bolt supports made of SAS 650/800 steel grade were tested. Steel has a
conventional yield strength Re equal to 650 MPa, tensile strength equal to 800 MPa and a minimal
percentage elongation As of 18% [16]. The bolt support consisted of a 1.8 m long bolt rib (Figure 8a).
The bolt rod along the entire length is equipped with ribs 3.6 mm wide, 1 mm high, which are spaced
apart by 8 mm. The cross-section of the bolt rod has an oval shape, the diameter of the bolt rod
without ribs is 21.70 mm, while the diameter of the bolt rod after a 90° rotation is 21.4 mm (Figure
8b). Furthermore, the bolt rod worked with a profiled square washer with a length of 150 mm, sheet
thickness 10 mm and height 25 mm, or a flat round washer with a diameter of 150 mm. A nut with a
height of 47.11 mm and a width of 41.58 mm was screwed onto the bolt rod. The nut on the lateral
plane has a hole inside, which has a steel spiro pin with a diameter of 6 mm, which was broken before
testing to screw on the second nut (Figure 8c). In addition, between the washer and nut there was a
plastic washer 1.34 mm thick and a spherical washer 21.81 mm high with an external diameter of 47
mm (Figure 8d). The rock bolt supports for three configurations of bolt rod with nut connection,
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namely: one nut and flat washer (Figure 9a), one nut and square shaped washer (Figure 9b) and two
nuts and one square shaped washer (Figure 9c), were tested.

detail B -

(d)

Figure 8. SAS 650/800 rock bolt support: (a) Bolt rod —general view; (b) Geometry of bolt rod; (c) Steel
spiro pin; (d) Bolt rod with shaped washer.

Figure 9. Configuration of the bolt rod and nut connection: (a) Flat washer; (b) Shaped washer and
one nut; (¢) Shaped washer and two nuts.

At the laboratory test facility, the rock mass was simulated with a concrete block made of a 2
mm sand mixture, class 42.5R Portland cement, diabase aggregate with a grain size from 2 mm to 5
mm. The water to cement ratio was 0.40. In addition, the concrete mix was enriched with the Sika
ViscoCrete-20HE superplasticizer and SikaFume-HR/-TU microsilica. The concrete had a
compressive strength of at least 45 MPa. The concrete mix was placed into steel cylinders with a
diameter of 100 mm, length 600 mm and sheet thickness 5 mm. In order not to drill holes in the
concrete, polyester tubes were placed inside the steel cylinders (Figure 10a). After removing the pipes
from the concrete block, the bolt hole diameter was 32 mm (Figure 10b). Bolt rod with a diameter of
23.7 mm and a length of 1.8 m was fixed in the concrete blocks with a cement grout by means of one-
component cement KL [17]. In order to obtain the grout, 25 kg of cement and 7 liters of water were
used. The grout ingredients were mixed using a drill equipped with a mixer for a period of 3 min
(Figure 10c). Then the grout was poured into the concrete blocks, in which the bolt rod was located
(Figure 10d). The embedment length was 600 mm (Figure 10e).
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Figure 10. Preparation for tests: (a) View of steel cylinders with polyester pipes with an outer diameter
of 32 mm; (b) Diameter of the hole in the concrete block; (c) Mixing of the binder; (d) Bolt rod
embedded on the cement binder; (e) View of installed bolt rods to steel cylinders filled with concrete.

Load—Displacement Characteristics for Rock Bolt Support Installed Segmentally

The SAS 650/800 rock bolt support installed over a 600 mm section was subjected to tensile tests
on a testing machine in the rock bolting laboratory (Figure 11a,b). Each type of connection between
the bolt rod and the nut has been tested five times. A total of 15 rock bolts were tested. The rate of
load increase was 0.5 kN/s. The tests of static tensile test of the rock bolts support consisted of a
periodic increase in pressure of 10 bar, which were carried out using a reduction valve located on the
control panel of the laboratory stand. Each increase in pressure was preceded by a hold time of 10 s.
The average test duration, up to the rupture was 600 s. During the entire load cycle, the tensile force
was constantly measured by means of four KKM50 force sensors mounted on the withdrawable
hydraulic disk of the device. In addition, the station was equipped with one line encoder, recording
the total elongation to break. During the entire duration of the static tensile process, all data from
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individual sensors was recorded using a specialized Catman-Easy measuring technique program
[18-20]. To Figures 12b, 13b and 14b have been attached Figures 12a, 13a and 14a, showing the
standard deviations for five tests.
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Figure 11. Laboratory test facility: (a) General view; (b) Block diagram.
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Figure 12. Load-displacement characteristic of the SAS 650/800 rock bolt support with a flat washer
and one nut: (a) Characterization course; (b) Load range.
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Figure 13. Load-displacement characteristic of the SAS 650/800 rock bolt support with a shaped
washer and one nut: (a) Characterization course; (b) Load range.
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Figure 14. Load-displacement characteristic of the SAS 650/800 rock bolt support with a shaped
washer and two nuts: (a) Characterization course; (b) Load range.

5. Discussion

Using the MineScape computer-aided program, it was calculated that the largest area is occupied
by inter-room pillars for the 6 m x 6 m method geometry and the smallest for the 4 m x 4 m method.
The deposit utilization rate in the first stage of operation is: 80.473%, 72.308% and 72.00%,
respectively, for 4 m x 4 m, 5 m x 5 m and 6 m x 6 m geometry. This means that the largest mining
losses are obtained for the rooms and pillars geometry 6 m x 6 m (Figure 4a—c). Based on the numerical
calculations, it was found that with the increase in the width of the pillars and rooms: 4 m x4 m, 5 m
x5 m and 6 m x 6 m, respectively, while maintaining the same height of 5 m, the range of the rock
destruction zone in the room excavations increases (Figure 7a—c). In addition, it was calculated that
for the currently used rock bolt support with a wound rod, the maximal spacing of the support can
be 1 m with a maximal room width of 5 m, this applies to a safety factor of 1. The obtained results of
laboratory tests of the tensile SAS 650/800 rock bolt support allows us to state, that for the support
equipped with a flat washer and one nut, the weakest construction point is the inlet to the spiro steel
pin (Figure 15a). The use of a shaped washer and one nut equipped with a spiro pin causes the
support to absorb almost 12% more load. Under load, the thread of the bolt rod and the nut were cut
off (Figure 15b). On the other hand, adding a second nut causes the support to work in full load-
displacement range. Material breaks occur on the bolt rod. Comparing the results of the average value
of the maximal load F and the average value of the maximal displacement Al (Table 2) of the rock bolt
support installed to the length of 600 mm, it should be stated that to ensure full load-displacement
characteristics of the support, it should be equipped with a shaped washer, which is a form of
yielding, and a steel spiro pin, and above all a longer nut or two nuts.
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Table 2. Load tensile results of SAS 650/800 rock bolt support.

Average Value of Average Value of the

ISIOeI;E::iI:nIl the Maximal Load Maximal Displacement Comments
F/kN Al/mm
Flat washer and one Break on the bolt rod in
nut without spiro 265.88 33.91 place of the spiro pin
pin (Figure 15a)
Shaped washer and . .
one nut with spiro 297.4 93.58 Thread Clittll)ng (Figure
pin ob)
Shaped was.‘-her a.nd Break on the bolt rod
two nuts with spiro 312.24 109.79 .
bin (Figure 15c)

Figure 15. Loss of support load capacity through: (a) Break on the rod in place of the spiro pin; (b)
Thread cutting; (c) Break on the bolt rod.

Based on the results of numerical tests, the extent of the rock destruction zone around room
excavations (Table 1) and the results of laboratory tests of tensile the rock bolt support installed on
the basis of cement grout over a section of 600 mm (Table 1) and taking into account the results of
computer-aided design (Figure 4), it can be stated that for a room with a width of 5 m, the maximal
support spacing can be 2 m, while maintaining a safety factor of 2. However, for a room width of 6
m, the maximal support spacing may be 2 m but for a safety factor of 1.5. According to Polish
requirements [21], regarding the minimal load-bearing capacity of an adhesive rock bolt support,
whose load capacity should be at least 90 kN, it can be stated that the high-strength bolt support
works with a safety factor above 3. Such a high factor can contribute to improving the working
conditions in a situation sudden, unexpected roof falls.

6. Conclusions

For geological and mining conditions in the zinc and lead underground mine “Olkusz-
Pomorzany”, the optimal geometry of pillars and rooms, due to the deposit utilization factor and the
load of the rock bolt support, is 5 m x 5 m. For a pillar and room width equal to 5 m, the deposit
utilization rate is 72.3%. Based on numerical calculations, it was found that the currently used rock
bolt support can be installed only in 1.5 m x 1.5 m spacing, but with a safety factor of only 1. From
the laboratory tests of the rock bolt support with increased strength parameters of the SAS 650/800
type, the following conclusions have been drawn:
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e  for sectional fixing on a 600 mm section with a cement grout, the bolt support does not slide out
of the hole,

e  break in material continuity occurs at the bolt rod,

e  the rock bolt support works in full load-displacement range, when two nuts are screwed on the
bolt rod,

e the maximalload bearing capacity of the rock bolt support is 312 kN, which is three times higher
than required by Polish mining standards.

By comparing the results of the maximal load capacity of the rock bolt support with increased
strength parameters with the maximal width of the room and the calculated load per rock bolt
support, it can be stated that the bolt support can be installed at a spacing of 2 m x 2 m while
maintaining a safety factor of 1.5. The proposed bolting technology is fundamentally different from
the one currently used in the zinc and lead mine “Olkusz-Pomorzany”, where adhesive loads are
used. However, due to the possibility of using the rock bolt support with increased strength
parameters, it is possible to achieve spreading of the support, while maintaining an increased safety
factor.
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