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Abstract: The research described in this article was carried out on samples of sandstone obtained
from the underground excavations of four hard coal mines that operate in the region of Poland with
the highest energy resources, i.e., Upper Silesia. The majority of underground tunnel excavations are
mainly drilled using roadheaders, the organs of which are equipped with conical picks. The selection
of pick type is usually based on rock compressive strength. However, sandstones often cause more
problems during cutting compared to other waste rocks because of their variety. This article’s primary
purpose is to emphasize the importance of researching various properties of waste rock in addition
to uniaxial compression strength, which is crucial in the selection of both the appropriate cutting
method and appropriate cutting tools. Accordingly, relations between mineralogical, petrographic,
physical and mechanical properties were examined in this study, with special attention paid to the
abrasive properties that comprise rock abrasivity. Sandstones from the regions of Upper Silesia
are characterized by a heterogeneity of mineralogical and petrographic features that strongly affect
the physical and mechanical properties of these rocks, especially their abrasive properties. The
determined correlations can aid understanding of the behavior of rocks during their mechanical
cutting and facilitate the selection of appropriate cutting tools.

Keywords: underground mining; rock properties; cutting; conical picks; abrasive wear

1. Introduction

Although global coal production is declining, it is still a vast industrial sector in many
countries. In 2016, 7.4 billion tons of coal were extracted worldwide, 6.7 billion tons of
which was steam coal and 700 million tons of which was coking coal. China is currently the
largest coal producer globally; second is the USA, and India is third. Among the European
Union countries, which are producers of hard coal, Poland is at the forefront and extracted
63.4 million tons of coal in 2018. In the same year, Polish hard coal mines employed over
80,000 employees [1].

However, to exploit the coal resources mentioned above, accessing excavations should
be made. About 200–300 km of workings of this type are performed annually in Poland [1].
Many aspects are considered when preparing work related to drilling excavations, including
the properties of the rocks in which the excavation will be drilled. Unfortunately, mines
mainly pay attention to the value of the uniaxial compressive strength of rocks. The mining
method, cutting machine and cutting tools are often selected on this basis, and this can
cause severe consequences that lead to negative impacts on the volume of extraction via
the increased drilling time [2,3].

Although uniaxial compressive strength is a significant parameter, mechanical pa-
rameters alone do not provide all the information needed to assess the actual behavior of
a material during cutting [4]. Such an assessment can be rationally conducted by under-
standing mineralogical, petrographic, physical, and mechanical rock properties, as well
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as their correlations [5]. This article’s primary purpose is to emphasize the importance of
conducting research regarding the determination of the properties of waste rock to explain
the different states of the behavior of these rocks during cutting. Particular attention was
paid during research to the relationship between mineralogical, petrographic, and abra-
sive properties because, apart from the strength properties, rock abrasivity has the most
significant impact on the wear of cutting tools (Figure 1) and rock workability.
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Figure 1. Examples of conical picks’ wear.

There are two frequently confused terms associated with abrasive rock properties:
abrasiveness and abrasivity. Abrasiveness is defined as the ability of rocks to reduce their
volume and mass under the action of abrasive forces [6]. It can also be defined as the effect
of a tool on a rock, i.e., how easily the rock wears away. It is determined using Boehme
Shield, Amsler Shield, Los Angeles drum, or Micro-Deval drum [7,8]. However, these
methods are more often used to determine the abrasion resistance of aggregates [8].

Rock abrasivity is more interesting in the case of the cutting tool selection. Abrasivity
is defined as the effect of a rock on a tool, i.e., the amount of the tool’s abrasive wear [9]. It
can be determined using the Cerchar method [10,11] or the proprietary method developed
at the AGH University of Science and Technology [3,12].

In this research, tests were carried out for Carboniferous sandstones (characterized by
mineralogical and petrographic features) and selected physical and mechanical properties.
Sandstones have higher uniaxial compressive strength than other waste rocks and are very
abrasive [13,14]. Additionally, mineral composition, especially the quantitative share of
quartz in the crumb material, and the type of binder-building mineral have significant
impacts on the determination of these properties in sandstones.

2. Research Material

The tests were carried out for seven different sandstones taken from the underground
mining excavations of four hard coal mines located in the following cities: Katowice,
Jaworzno, Bieruń, and Libiąż, all located within the Upper Silesian Coal Basin (Southern
Poland) (Figure 2).

The Upper Silesian Coal Basin is a triangular basin filled with Upper Carboniferous
formations. Its area is about 6100 km2, 1600 km2 of which lies on the Czech side, forming
the Ostrava–Karviná Basin. The Upper Silesian Coal Basin is an orogenic basin formed
in the foothills of the Moravian–Silesian fold zone of variscite, with paralic and limnic
formations. The coal-bearing zone occurs at various depths: down to 2400 m deep in the
eastern part and down to 4600 min the western part. With drilling, it can reach even deeper
to 6000 m. A significant position of the rocks accompanying coal seams next to claystone
and silt is occupied by sandstone [15,16].
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3. Research Methodology

After collecting sandstones from mining excavations, appropriate laboratory samples
were prepared and tests were carried out following the established plan and research
methodology. Thanks to the research, mineralogical and petrographic analyses were
performed and physical and mechanical properties were assessed.

3.1. Petrographic and Mineralogical Analyses

Microscopic observations were carried out with transmitted light in thin sections
(Figure 3a) using the OPTA-TECH LAB-40 HAL polarizing diagnostic microscope from the
OPTA-TECH company equipped with an image analyzer (Figure 3b).

The quantitative analysis of the components was performed using the point method
using a polarizing microscope equipped with an eyepiece with a cross of spider threads
and an integration table. A planimetric analysis of the entire surface of the preparations
was performed, with about 500 counts from each sample in 0.2 mm increments.

3.2. Analysis of Physical Properties

In terms of physical properties, the effective porosity, bulk density, and water absorp-
tion of the tested sandstones were determined. Effective porosity, also known as active or
discovered porosity, is the content of pores that connect with the outer surface of the rock
(i.e., open pores), allowing the liquid to move through the medium. Effective porosity is
determined by saturating samples of known volume with a liquid of known bulk density.
Five cylindrical samples with a diameter and height equal to 50 ± 0.5 mm were prepared
for each type of sandstone (Figure 4). Effective porosity was determined using a hydrostatic
balance using the following formulas based on Archimedes’ law [5]:

Vw =
Ww − Wd

γw

[
cm3

]
(1)

Vs =
Ww − Wh

γw

[
cm3

]
(2)

where Wd is the mass of the dry sample measured in the air, Ww is the mass of the saturated
sample measured in the air, Wh is the mass of the saturated sample measured on the
hydrostatic balance, γw is the density of the liquid at ambient temperature, Vs is the volume
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of the sample, and Vw is the volume of water in the pores [5]. Therefore, the effective
porosity Pw can be calculated as [17]:

Pw =
Vw

Vs
·100 [%] (3)
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After calculating the mass of the above-mentioned rock samples and their dimensions,
it was also possible to determine the bulk density γs as the ratio of the mass of the dry
sample to its volume:

γs =
Wd
Vs

[ g
cm3

]
(4)

The Ns water absorption of the tested sandstones, i.e., their ability to absorb water,
was determined as the third physical property. To that end, five cylindrical samples with a
diameter and height equal to 50 ± 0.5 mm were also prepared for each type of sandstone.
After determining their dry weight (Wd), each sample was dipped in distilled water and
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weighed regularly until saturation was stabilized. The water absorption coefficient in
weight percentage was determined as the ratio of the mass of water absorbed to the mass
of the sample in the dry state, and it was calculated as [5]:

Ns =
Ww − Wd

Wd
·100 [%] (5)

3.3. Analysis of Mechanical Properties

The considered mechanical properties of the tested sandstones were their uniaxial
compression strength and tensile strength, which were determined using the Brazilian
method, and abrasivity, which was determined using the proprietary rock abrasivity
assessment method that has been described in several publications [3,12,18].

To determine the value of uniaxial compressive strength (UCS) for each tested sand-
stone, five cylindrical samples with a diameter and height equal to 50 ± 0.5 mm were
prepared in accordance with the EN 1926:2007 standard. Laboratory tests were carried out
using a testing machine in accordance with the PN-G-04303:1997 standard. The load was
perpendicularly applied to the bedding planes at a constant stress rate of 1 ± 0.5 MPa/s.
The uniaxial compressive strength (Rc) of each sample was expressed as the ratio of the
failure load (F) and its cross-sectional area (A) before the test:

Rc =
F
A
[MPa] (6)

The Brazilian method (BTS—Brazilian Tensile Strength Test) was used to determine
tensile strength by compressing the cylinder on the side surface with two linear balancing
loads. Loading the cylindrical sample perpendicular to the sample axis causes crack-
ing along the surface passing through the cylinder axis and is mainly caused by tensile
forces [19]. In this case, five cylindrical samples with a diameter of 50 ± 0.5 mm but a
sample thickness of 25 ± 0.5 mm were also prepared for each tested sandstone, as the
thickness to diameter ratio had to have been 0.5–0.6. The load was applied with a constant
stress rate of 0.1 ± 0.05 MPa/s. The uniaxial tensile strength was determined as:

Rt =
2F

πdh
[MPa] (7)

where Rt is uniaxial tensile strength, F is the maximum force at which the sample is
destroyed, d is the diameter of the sample, and h is the thickness of the sample [20].

The third mechanical property that was determined for the tested sandstones was
abrasivity. It was determined with a method comprising the assessment of the mass
abrasive wear of a standard steel sampler that was in contact with a rock sample with a
constant clamping force of 300 N and was moving in a uniform motion along a circle at a
speed of 50 rpm for 8 min (Figure 5). The parameter characterizing rock abrasivity is the
abrasivity index (Wz), which is defined as the ratio of the weight loss of the steel pin to the
weight loss of the sample and is calculated as:

Wz =
Mpa

Mpi
(8)

where Wz is the abrasivity index, Mpi is the mass loss of the rock sample, and Mpa is the
mass loss of the steel pin [3,12,18].
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4. Results

The tests were carried out following the previously established and above-described
methodology. Petrographic properties were determined for seven types of sandstone and
the values of selected parameters, enabling the determination of physical and
mechanical properties.

4.1. Mineralogical and Petrographic Characteristics of Sandstones

The analysis of the mineralogical and petrographic features of sandstones was carried
out based on macroscopic observations, microscopic observations in transmitted light, and
planimetric analysis. Macroscopic observations showed that the analyzed sandstones had
similar features (Figure 6).
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Figure 6. Examples of tested Carboniferous sandstones.

The sandstones were light to dark grey. Their structure was psammitic and fine-
grained, and the degree of sorting of crumb material was high. The texture of the sandstones
was usually dense and disorderly. A directional texture could be seen in some sandstones
and was caused by fine laminates of a carbonaceous matter. Next to them, carbonaceous
matter was observed in crumbs of irregular shapes and a scattered form throughout the
rock volume as a pigment.



Energies 2022, 15, 2692 7 of 20

Macroscopically, in the mineral composition of sandstones, transparent or grey grains
of quartz could be seen and were characterized by a glassy luster, pink feldspar grains with
a matte luster, and single grains of mica: biotite with black color and transparent muscovite
with a visible pearly luster. When in contact with moisture, the mortar could be smelled,
which indicated the presence of clay minerals in the binder.

A detailed analysis of the mineral composition of sandstones was conducted during
microscopic observations in thin sections. The mineral composition of the crumb material
included quartz, muscovite, biotite, plagioclase and heavy minerals. The binder was repre-
sented by microcrystalline quartz, clay minerals, and carbonate minerals. An admixture of
a carbonaceous matter was found in each tested sandstone.

Quartz grains were characterized by varying sizes from 0.1 to 1 mm and varying
degrees of coating. Next to individuals with rounded edges, sharp-edged grains could be
seen. Previous research indicates that sharp-edged quartz grains arise due to crushing larger
individuals exhibiting network defects whose weak structure promotes the disintegration
into smaller fragments [21,22]. With one polar, the surface of quartz grains was often
scratched and covered with a network of irregular cracks, and the presence of slight
inclusions could also be noted. The occurrence of inclusions in quartz is a fairly common
phenomenon; quartz originating from plutonic rocks most often contains liquid and gas
inclusions, while quartz of volcanic rocks is rich in glass inclusions. With crossed polars,
optical anomalies caused by dynamic deformations of the quartz network structure could be
observed. The effect of this was a wavy quenching of light. As a result of this phenomenon,
the surface of individual grains was fragmentarily, not evenly, quenched, which was visible
as locally quenched spots within the grain (Figure 7). This is usually the effect of quartz
deformation due to dynamic deformations caused by, e.g., tectonic movements.
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Figure 7. Wavy quenching of light on quartz grains (Qz), surrounded by clay binder: crossed
polars—100× magnification.

The micas were primarily represented by well-preserved muscovite grains that create
idiomorphic and elongated forms, often bent on contact with other minerals. At one polar,
muscovite was colorless with clearly visible unidirectional cleavage (Figure 8).

In addition to muscovite, biotite was found in smaller amounts in the tested sandstone.
The biotite grains were strongly weathered, often with jagged edges, and rarely well
preserved, and idiomorphic crystals could be observed. At one polar, biotite had a reddish
to dark brown color and strong pleochroism. One-way cleavage was visible on the surface
of the grains (Figure 9). The cleavage cracks were usually filled with biotite-weathering
products, often emitting iron oxides. For some specimens, it was observed that iron oxides
could also focus on the periphery of the grains, forming black borders around them. This
phenomenon is called “opacite fringes”.
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Figure 9. Biotite (Bt) and quartz (Qz) surrounded by clay binder and microcrystalline quartz
(Qz*): (a) one polar; (b) crossed polars—100× magnification.

Feldspars formed table-like grains that were strongly weathered. Often, the edges
of the grains were ragged and their surface was scratched. There were also signs of
sericitization, i.e., the formation of sericite (a small-grain variety of light mica) due to
the transformation of feldspar grains. Fine sericite plates usually formed in feldspars
according to their cleavage planes. For feldspars, the phenomenon of peritite formation
(on the micropertite scale) was also characteristic and is associated with the heterogeneous
chemical composition of individual feldspar grains (Figure 10). The feldspars formed a
series of mixed crystals with sodium and potassium and calcium cations. Because sodium
and potassium are not diadochic elements, they cannot freely substitute in the structure
of minerals. However, due to the significant network tolerance of feldspar structures,
sodium–potassium feldspar crystallizing at high temperatures can produce a continuous
series of homogeneous mixed crystals. As a result of lowering the temperature, these
crystals become unstable and are mixed into more potassium feldspar with sodium and
sodium feldspar with potassium [23]. During microscopic observations, fine lamellas
were observed to be arranged parallel to each other within single feldspars. The way they
generally develop depends on the conditions of temperature decrease during feldspar
crystallization; the slower this process is, the thicker the structures of veins generally are.
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Figure 10. Micropertites on feldspar grains (Fsp), surrounded by quartz (Qz), muscovite (Ms), and
carbonate binder (Cb): crossed polars—100× magnification.

In the group of feldspars, plagioclases could be distinguished. They formed fine grains
with grey interference colors and polysynthetic twinning (Figure 11).
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Figure 11. Grains of plagioclase (Pl) and quartz (Qz) surrounded by clay binder: crossed polars—
100× magnification.

Heavy minerals were mainly represented by zirconium grains (Figure 12). Zirconium
was found in the form of well-coated, oval, colorless grains with characteristic black
pleochroic borders. Pleochroic borders or fields testified to the occurrence in the network
structure of zirconium of substitutions of radioactive elements, mainly thorium and less
often uranium. For crossed polars, the fourth order’s interference colors were characteristic
of zirconium.
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In the K2 sample, tourmaline grains were observed, forming characteristic elongated
forms with rounded tops and not showing cleavage (Figure 13).
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Figure 13. Tourmaline (Tur): crossed polars, 100× magnification.

The sandstone binder represented a pore or primary type; its share ranged from 26% to
52.3%. It is a cement-type mixed binder in which the mineral composition was dominated
by microcrystalline quartz, carbonate minerals, and clay minerals. No matrix type binder
was found; in single samples only, these were small amounts associated with the presence
of fine quartz grains.

The microcrystalline quartz created aggregates. Individual crystals were colorless,
non-pleochroic with zero or slightly positive relief, and without cleavage (Figure 9).

Clay minerals formed microcrystalline aggregates with dark grey interference colors,
often mixed with other binder components, e.g., carbonates (Figure 14).
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Figure 14. Quartz grains (Qz) surrounded by clay binder: crossed polars—100× magnification.

Carbonates, like clay minerals, could occur in the form of microcrystalline aggregates or
single, larger grains characterized by rhombohedral cleavage and variable relief (Figure 7).

Carbonaceous matter in the sandstones occurred in various forms. The elongated
forms comprising laminates were macroscopically visible. Moreover, the presence of a
dispersed carbonaceous matter in the form of a pigment, giving the sandstones a dark grey
color, could be found. During microscopic observations, a carbonaceous substance was
observed in the form of small crumbs (Figure 15).
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Figure 15. Crumbs of carbonaceous matter: one polar—100× magnification.

Planimetric analysis (Tables 1 and 2) showed varied contents of framework grain
content in the tested sandstones. For the B1, L1, and J1sandstones, the framework grains’
contentswere75, 74, and 73%, respectively. The second group consisted of K1 and K3
sandstones, where the framework grains’ contents were 70.9 and 69.7% respectively, and
the third group consisted J2 and K2 sandstones, where the framework grains’ contents
were the lowest at 58.5 and 47.7%, respectively.

Table 1. Planimetric analysis of sandstones.

Mineral

Content of Minerals [%]

No of Sample

K1 K2 K3 J1 J2 B1 L1

Fr
am

ew
or

k
gr

ai
ns

Quartz 61.5 45.7 61.3 60.0 46.4 56.3 56.6

Feldspars 2.0 1.0 4.5 3.5 3.4 2.1 5.2

Muscovite 6.7 - 2.6 4.4 3.0 4.2 4.1

Biotite - - 1.3 5.1 5.7 9.4 8.1

Lithic fragments - - - - - 3.0 -

Heavy minerals 0.7 1.0 - - - - -

C
em

en
t

Microcrystalline quartz 5.2 2.9 7.7 15.3 6.9 9.3 8.1

Clay minerals 14.2 3.8 11.6 6.5 6.6 6.3 15.6

Carbonates 6.7 45.6 9.7 2.2 28.0 4.2 2.3

Iron compounds - - 1.3 3.0 - - -

Carbonaceous matter 3.00 - - - - 5.2 -

Σ 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table 2. Participation of framework grains and cement in sandstones.

Component

Content [%]

No of Sample

K1 K2 K3 J1 J2 B1 L1

Framework grains 70.9 47.7 69.7 73 58.5 75 74

Cement 29.1 52.3 30.3 27 41.5 25 26

Σ 100.0 100.0 100.0 100.0 100.0 100.0 100.0

The dominant component in the crumb material was quartz (the K1 sandstone had the
highest percentage of 61.5%, while the K2 sandstone had the lowest percentage of 45.7%);
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next were minerals from the group of feldspars (1.0–5.2%) and mica: muscovite (3.0–6.7%)
and biotite (5.1–9.4%). Heavy minerals during observations in thin sections were found in
only two sandstone samples, and their quantitative share was about 1%. The presence of
rock crumbs (3%) was determined in a single sample.

According to the content of framework grains, the B1sandstone (25%) had the lowest
percentage of binder, while the K2 sandstone had the highest (52.3%). Microcrystalline
quartz, clay minerals, and carbonates were found in all sandstone samples in the binder.
Their content varied within relatively wide limits: 2.9–15.3% for microcrystalline quartz,
3.8–15.6% for clay minerals, and 2.2–45.6% for carbonates. One sample was found to have
a ferruginous binder (3%). In all sandstones, the binder was of a mixed type. However, the
dominant component could be indicated. The binders of the K1, K3, and L1 sandstones
were clay minerals—14.2, 11.6, and 15.6%, respectively. The second group comprised the J1
and B1sandstones, where the binder was full of microcrystalline quartz (J1: 15.3%; B1: 9.3%),
while carbonates dominated the K2 and J2 binder sandstones. For the K2 sandstone binder,
the content of carbonates was found as high as 45.6%.

Carbonaceous matter was observed in various forms among the sandstone compo-
nents. Its content ranged from 3.0 to 5.2%.

The results of planimetric analysis enabled the classification of sandstones (Figures 16 and 17).
For this purpose, two triangular classifications were used: according to Folk and according
to Dott–Pettijohn geological classification [24,25].

Energies 2022, 15, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 16.Classification of tested sandstones according toFolk triangle [24,25]. 

 

Figure 17.Classification of tested sandstones according to the Dott–Pettijohn triangle [24,25]. 

According to the Folk classification, the tested sandstones were classified as 

sublitharenite, while according to the Dott–Pettijohn classification, they were classified as 

subarcoses. Only the K1 sample, according to both classifications, was included in the 

quartz arenite group. 

4.2. Characteristics of Physical and Mechanical Properties of Sandstones 

The results obtained from the determination of the bulk density, effective porosity, 

and water absorption coefficient of seven types of sandstone are presented in Table 3. The 

table summarizes the average values of five replicates for the determination of a given 

parameter. 

  

Figure 16. Classification of tested sandstones according toFolk triangle [24,25].

According to the Folk classification, the tested sandstones were classified as sub-
litharenite, while according to the Dott–Pettijohn classification, they were classified as
subarcoses. Only the K1 sample, according to both classifications, was included in the
quartz arenite group.

4.2. Characteristics of Physical and Mechanical Properties of Sandstones

The results obtained from the determination of the bulk density, effective porosity,
and water absorption coefficient of seven types of sandstone are presented in Table 3.
The table summarizes the average values of five replicates for the determination of a
given parameter.
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Figure 17. Classification of tested sandstones according to the Dott–Pettijohn triangle [24,25].

Table 3. Bulk density, effective porosity, and water absorption coefficient of the tested sandstones.

Property
No of Sample

K1 K2 K3 J1 J2 B1 L1

γs [g/cm3] 2.34 ± 0.01 2.69 ± 0.04 2.31 ± 0.01 2.25 ± 0.00 2.62 ± 0.03 2.28 ± 0.01 2.28 ± 0.01

Pw [%] 5.5 ± 0.6 1.5 ± 0.1 4.8 ± 0.5 6.8 ± 0.7 2.3 ± 0.2 10.1 ± 1.0 8.2 ± 0.9

Ns [%] 2.12 ± 0.48 0.58 ± 0.05 1.85 ± 0.20 2.62 ± 0.61 0.88 ± 0.07 3.88 ± 0.90 3.16 ± 0.72

It can be seen that the highest effective porosity was found in the B1 and L1 sandstones
at over 8%. This porosity was almost twice as high as for other sandstones. On the other
hand, the most negligible effective porosity was in the K2 sandstone at only 1.5%. As
can be seen, the porosity of individual sandstones directly affected their water absorption
(Figure 18). The highest values of the water absorption coefficient were found in sandstones
with the highest porosity, i.e., B1 and L1. Their water absorption coefficient was over 3%.
The lowest values of the water absorption coefficient belonged to the K2 and J2 sandstones,
and their coefficients were below 1%. While analyzing the bulk density of the tested
sandstones, it could be seen that it was inversely proportional to both the effective porosity
(Figure 19) and the water absorption coefficient. The highest bulk density was characteristic
of the K2 and J2 sandstones at over 2.6 g/cm3, while the lowest density was found in theJ1,
B1, and L1 sandstones and at below 2.3 g/cm3.

Table 4 presents the results obtained from the determination of uniaxial compressive
and tensile strength, as well as the values of abrasivity indexes. As mentioned above, the
tests were performed in five replicates for each sandstone, and the average values are
summarized in the table. Due to uniaxial compressive strength values, the vast majority of
the tested sandstones belonged to the rocks with a low uniaxial compressive strength [19],
with values in the range of 20–30 MPa. Only the J2 sandstone had an average compressive
strength of over 60 MPa. Comparing uniaxial compressive strength (UCS) with tensile
strength (BTS), a linear relationship could be seen between these properties (Figure 20). The
J2 sandstone with the highest uniaxial compressive strength also had the highest uniaxial
tensile strength of over 6 MPa. The uniaxial tensile strength of other sandstones was in
the range of 2.8–3.6 MPa. Analyzing the values of the abrasivity indexes (Wz) showed
that the most abrasive sandstone wasK1, whose index was almost 4, which identifies it as
a rock with a high abrasivity. The J1 sandstone was classified as medium abrasive. The
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most abrasive sandstones are K3, L1, J2 and B1. Only the K2 sandstone had a very low
abrasivity index. Sandstones were classified based on the classification included in Mucha’s
publication [3]. In addition, it could be seen that there was no clear relationship between
uniaxial rock compressive strength and abrasive properties (Figure 21).
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Table 4. Uniaxial compression strength, tensile strength, and abrasivity index of the tested sandstones.

Property
No of Sample

K1 K2 K3 J1 J2 B1 L1

UCS [MPa] 29.4 ± 2.7 24.7 ± 2.5 19.4 ± 1.6 22.4 ± 2.2 64.6 ± 5.8 30.1 ± 2.8 20.8 ± 2.0

BTS [MPa] 3.32 ± 0.04 3.18 ± 0.03 2.81 ± 0.02 3.11 ± 0.03 6.10 ± 0.7 3.58 ± 0.04 2.92 ± 0.02

Wz [-] 3.9 ± 0.3 0.2 ± 0.0 1.7 ± 0.2 2.4 ± 0.2 1.5 ± 0.1 1.2 ± 0.1 1.6 ± 0.1
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4.3. Influence of Petrographic Properties on Abrasive Properties of Tested Sandstones

The influence of the quartz percentage (Figure 22) and the binder (Figure 23) on the
abrasivity of the tested rocks was also analyzed. In this case, it was only possible to compare
the average values of the Wz index with the results of the petrographic analysis on the
charts because analyses were performed once for each sandstone. However, in the case of
the tested sandstones, it could be seen that the more quartz and minor binder (sample K1),
the more abrasive the sandstone was. A similar dependence was also noticed by West [26].

However, in the case of the tested sandstones, the results did not clearly show this.
For the K1, K3 and J1 sandstones, the quartz percentage was about 60% and the cement
percentage was about 30%, but the sandstones significantly differed in their abrasive
properties (the value of the Wz index). Hence, it can be assumed that another crucial
factor influences the abrasivity index’s value. This factor could be the size of the quartz
grains, as indicated by the research results of Kotwica [2], Käsling and Thuro [13], and
Yarali et al. [27].
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5. Discussion

Carboniferous sandstones’ physical and mechanical properties partially depend on
the mineral composition, including the qualitative differentiation of components and their
mutual quantitative relations, rock structures (with particular emphasis on the size of the
mineral of the framework grains), and the degree of weathering of the rocks.

In the case of the tested Carboniferous sandstones, these relationships were particularly
visible when analyzing the results of determinations of mechanical properties, i.e., strength
and abrasivity tests. The mineral composition of the rocks played a crucial role in both
cases. However, the uniaxial compressive strength test results did not show too much
differentiation. The range of uniaxial compressive strength results was 19.4–30.1 MPa,
which designates the tested sandstones as rocks of low strength (Polish standard specifies
the range of 15–60 MPa for rocks of poor strength for uniaxial compressive strength). Only
in the J2 sample did the value of this parameter slightly exceed the limit of 60 MPa, which
designates it as a rock with a medium uniaxial compressive strength. Similarly, a small
range of results was obtained regarding tensile strength (Table 4). However, as already
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mentioned, the higher the sandstone’s compressive strength, the higher its tensile strength,
which was confirmed by Nazir [28], Karaman [19] and Ribeiro [29].

An extensive range of results was obtained while determining the rock abrasivity.
Due to the abrasivity index values, the tested sandstones could be divided into four
groups: insignificant abrasivity (sample K2), low abrasivity (samples K3, J2, B1, and L1),
medium abrasivity (sample J1), and high abrasivity (sample K1). Abrasivity is a property
that, in the case of polymineral rocks, is the resultant of the hardness of individual minerals,
especially those that form the grain skeleton of the rock. The mineral of crucial importance
for sandstones is quartz—a weatherproof mineral with a hardness of 7 on the Mohs scale.
Its content in the tested sandstones was on average 55.4%, which is typical of Carboniferous
sandstones from the Upper Silesian Coal Basin—Łukaszewski’s reports [30] showed that
sandstones from the Katowice region contain about 60% quartz.

In the case of the tested rocks, the largest group comprised sandstones with low
abrasivity—samples B1, J2, L1, and K3. The abrasivity index ranged from 1.2 to 1.7, with
a quartz content from 46.4 to 61.3% and a relatively high proportion of silica binder, the
primary component of which was finely crystalline microcrystalline quartz (6.9–9.3%).
The J1sandstone was a rock with a medium abrasivity. The abrasivity index for this rock
was 2.4—which was slightly higher than the abrasivity index for the K3, J2, B1, and L1
sandstones—due to the high content of quartz (60.0%) and an equally high proportion of
silica binder (15.3%). Extreme abrasivity index values were obtained for two samples: 3.9
for the K1 sample and 0.2 for the K2 sample, which means that the first one was ahigh
abrasivity sandstone and the second one was an insignificant abrasivity sandstone.

The highest abrasivity of the K1 sandstone was directly related to it having the highest
quartz content (61.5%) of the tested sandstones. The K1 sandstone was characterized by
a high content of crumb material (70.9%) and a low binder content (29.1%). In addition,
the good abrasive properties of the K1 sandstone also influenced various grain structures,
especially the abundant quartz grains that were larger than 1 mm, estimated based on
observations in thin sections. However, issues related to the sandstone grain size and
thus the determination of exact quartz grain sizes requires additional analyses, which the
authors will carry out in the next stage of tests.

On the other hand, it was noted that the K2 sandstone had the lowest content of
crumb material (47.7%), with a binder share of 52.3%. These values also directly led that K2
sandstone has the highest density value and lowest porosity (1.5%) and water absorption
(0.58%) values of the tested samples.

The tested sandstones were also diverse in terms of their physical properties. Their
density remained at the level of about 2.3 g/cm3. Only the K2 and J2 sandstones were
characterized by higher densities of 2.69 and 2.62 g/cm3, respectively. They were much
more diverse in porosity, ranging from 1.5% to 10.1%. In the case of the tested sandstones,
the variable porosity was also associated with different water absorption values, which
ranged from 0.58% to 3.88%. It can be seen that the quantity of binder had the most
significant impact on porosity and water absorption, which was confirmed by the results of
theB1 sandstone, which was characterized by the highest porosity value, water absorption
value, and (thus) the smallest amount of binder with the highest content of crumb material.
A similar relationship was noticed by Karman and Kesimal [31] when examining 22 types
of rocks from the Black Sea region.

The results presented in this paper are directly connected to the rock workability
of the tested sandstones. The K1, K3, and J1 sandstones were characterized by a high
quartz content of 60%, a small amount of binder (28%), and a high abrasivity index Wz
of 1.7–3.9. As a result, the K1, K3, and J1 sandstones were classified as middlingly hard
to cut rocks. On the other hand, the J2sandstone—despite a lower quartz content (46.4%)
and therefore higher amount of binder (41.5%) and abrasivity index value Wz = 1.5 but
high compressive strength (64.6 MPa)—could also be classified as a middlingly hard to
cut rock. The B1 and L1 sandstones, which had a quartz content of 56%, a binder amount
of about 25%, a compressive strength value of 20–30 Mpa, and an abrasivity index value
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of Wz 1.2–1.6, could be classified as easy to cut rocks. Finally, the K2 sandstone, which
was characterized by the lowest quartz content (45.7%), the highest binder content (52.3%),
and the lowest abrasivity index Wz (only 0.2), could be classified as a very easy to cut
rock. The rock workability classification was based on the efficiency and quantity of wear
tools in excavations from which samples were taken. Detailed results were published
by Mucha [3,12].

The above analysis was aimed to indicate how to improve cutting efficiency in mines
from which the tested samples were taken, the properties of mined rocks have an especially
significant influence on selecting appropriate cutting tools. The higher the compressive
strength and abrasivity index value, the faster the tool is worn [3,27,32]. Thus, a tool of
better quality with special protection should be selected, e.g., in the form of a particular
hard-faced layer or sintered carbide rings [2,33]. If a cutting tool has better durability,
the adequate working time of the mining machine becomes longer [4,34] and the energy
demand decreases [35].

6. Conclusions

Based on the conducted petrographic tests and the determinations of selected physical
and mechanical properties, it was found that:

• According to the Folk classification, the sandstones were classified as sublitharen-
ite, and according to the Dott–Pettijohn classification, sandstones were classified as
subarcoses. The exception was sample K1, in which both classifications represented
quartz arenite.

• Along with the decrease in the size of minerals and the increase in the amount of
binder, the strength properties of sandstones increased.

• The determination of physical properties showed that the sandstones were diverse in
porosity. The variable porosity was also associated with different water absorption values.

• Various engineering properties were found to characterize the sandstones. The de-
termination of uniaxial compressive strength showed that most sandstones from the
regions of Upper Silesia were characterized as rocks of low strength. Only the J2
sandstone was classified as a rock with medium strength.

• The abrasive properties of the sandstones were affected by their different grain struc-
tures. The sandstones were found to contain a relatively significant content of quartz
of varying grains size from 0.1 to 1 mm, and they were also characterized by a high
content of crumb material and a low binder content.

• The insignificant abrasivity of one of the sandstone samples was directly related to
its fine-grained rock structure. It was also found that this type of sandstone was
characterized by a lower share of crumb material concerning the binder content, which
directly impacted its low porosity and water absorption.

• The rock workability was found to depend on the quartz percentage (more quartz
grains lead to more difficulty in cutting), strength properties, and rock abrasivity (the
higher the compressive strength and the value of the abrasivity index Wz, the more
difficult it is to cut a rock).

• The rock properties were found to significantly influence the selection of the cutting
tool because these properties are the main causes of tool wear during mining. For
harder rocks, better quality tools should be selected, with special focus on the proper
protection of their working parts (e.g., wear-resistant coatings and hard facing).
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