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Abstract: Reducing methane emissions from hard coal mining and optimizing its utilization are currently key
objectives in the Polish energy transition. This study aims to support these efforts by identifying methane accu-
mulation zones and potential migration pathways and assessing the stability of the rock mass. We present an in-
tegrated petrophysical and geomechanical analysis based on geophysical wireline logs calibrated with laboratory
measurements from six deep surface and underground boreholes in the Upper Silesian Coal Basin (USCB), one
of Europe’s most important coal-bearing regions. The analysis includes the estimation of porosity, permeability,
bulk density, Young’s modulus, Poisson’s ratio, and compressive and tensile strength, with attention to lithologi-
cal heterogeneity. Rock types were classified using cross-plotting and statistical tagging techniques, enabling the
definition of five major rock types: coal, shale-coal, sandstone, shaly sandstones, and mudstone. Permeability
was calculated from porosity using empirical formulas calibrated with core data. Elastic parameters were derived
from acoustic and density logs, then corrected to static values using laboratory data. The results reveal that coal
rock exhibits the highest permeability, despite having moderate porosity, while sandstones show low permeability
due to compaction and cementation. This well log-scale parametric model forms the basis for spatial modeling to
optimize methane drainage borehole trajectories and improve gas capture efficiency. The integrated methodology
supports safer mining operations and more effective emission control, and informs future CO, storage strategies
in post-mining coal seams.

Keywords: well log interpretation, petrophysical parameters, elastic moduli, 1D modeling, coal basins, litholog-
ical interpretation

INTRODUCTION

The characterization of petrophysical and geome-
chanical parameters in the Upper Silesian Coal
Basin (USCB) has been widely studied due to
their crucial role in understanding rock mass be-
havior under mining conditions. Geomechanical

parameters support mine design and hazard pre-
vention, helping mitigate risks such as excavation
instability, roof collapses, and seismic events. Pre-
vious studies (e.g., Chudek et al. 2000, Bukowska
2002, 2003, 2006, Bukowska et al. 2012, Moska &
Kedzior 2015, Stoczynski et al. 2017, Fryanov 2018,
Majkrzak 2019) have improved the understanding
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of USCB coal seams. Moreover, geomechanical
analysis is essential for evaluating coal cuttabil-
ity, optimizing extraction technologies (Singh
et al. 1995, Drzezla et al. 2000, Sobczyk 2022),
and minimizing dynamic geomechanical haz-
ards (Bukowska & Gawry$ 2010, Bukowska et al.
2012, Dubinski et al. 2019). A comprehensive
characterization of these parameters enables saf-
er and more efficient mining operations, ensur-
ing the protection of both miners and infrastruc-
ture. In parallel, petrophysical properties are
key to coal seam resource evaluation (Kawecka
1988). Well log-derived parameters, such as coal
density, porosity, and resistivity, are instrumen-
tal in distinguishing coal seams from surround-
ing waste rock (Wood et al. 1983, Ceglarska-
Stefaniska et al. 1995). Understanding porosity
and permeability is particularly critical for assess-
ing coalbed methane (CBM) content and its mi-
gration potential, which directly informs meth-
ane drainage system designs, which are a key
safety measure against methane explosions in
Polish coal mines (Prusek et al. 2020). Beyond
the mining applications, petrophysical charac-
terization is now being explored for underground
carbon dioxide (CO,) storage in post-mining
coal seams supporting sustainable transition
strategies (Zarebska & Ceglarska-Stefariska 2006,
Wojcicki & Jureczka 2010, Baran et al. 2014). These
studies underscore the need for an integrated
petrophysical-geomechanical approach to evalu-
ating post-mining utilization scenarios.

A comprehensive assessment of both petrophys-
ical and geomechanical properties can be achieved
through well logging data. When calibrated with
laboratory measurements, well logs provide con-
tinuous depth profiles of rock mass properties,
offering a more detailed geological model than
traditional seismic surveys. Numerous studies
worldwide, particularly in China, Australia, India,
and the United States, have leveraged well logs to
evaluate coal seam quality and waste rock prop-
erties (Fu et al. 2009, Srinaiah et al. 2017, Wood &
Cai 2022). However, in Poland, coal characteriza-
tion has traditionally relied on petrographic stud-
ies and laboratory tests, with well log applications
remaining underexplored (Wdjcicki & Jureczka
2010, Kedzior 2012, Bukowska et al. 2016). To date,
no study has comprehensively characterized the

Polish part of the USCB by jointly integrating pet-
rophysical and geomechanical parameters based
on well-log data. To date, no study has comprehen-
sively characterized the Polish part of the USCB by
jointly integrating petrophysical and geomechani-
cal parameters based on well-log data. This gap ex-
ists largely because well log-based geophysical sur-
veys have not been widely adopted for mining area
characterization. This study focuses on six key
boreholes within the USCB - BP-20, BP-21, BP-23,
BK-39, KIG-1, and WP-TXA Texaco-A - to devel-
op arobust geological model based on detailed well
log interpretation, core sample analysis, and ad-
vanced numerical modeling. Apart from these, to
better characterize the geomechanical properties
of a study area, static mechanical test results from
cores collected in 114 underground boreholes were
used. These boreholes do not have well log data.

The main objectives are: (1) characterizing the
key properties, particularly porosity, permeabili-
ty, and elastic moduli, (2) evaluating the crucial
parameters for methane extraction and mining
stability assessments, and (3) linking petrophysi-
cal and geomechanical data to improve resource
evaluation and hazard mitigation.

GEOLOGICAL SETTING

The study area is located in the southwestern part of
the Upper Silesian Coal Basin (USCB), which consti-
tutes a segment of the larger geological unit known
as the Upper Silesian Block. This region is charac-
terized by complex tectonics, with numerous faults
and folds that significantly influence the distribu-
tion and accessibility of coal seams (Fig. 1A) (Bula
& Zaba 2008, Bufa et al. 2015). The Pniéwek coal
mine is situated east of the Jastrzebie area, on the
southwestern flank of the Main Trough. The area is
bounded by two major fault zones: the Jawiszowice
fault zone to the north and the Bzie-Czechowice fault
zone to the south. The displacement amplitudes in
this region reach 400-500 m in the southern part,
which further complicates the geological structure
(Kotas 1982). The geological structure of the study
area comprises Quaternary deposits of Holocene
and Pleistocene age, Neogene deposits from the
Miocene, and the Upper Carboniferous productive
series. The overburden thickness varies from ap-
proximately 220 m in the north to around 1,000 m
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in the south (Jura2001). A distinct subsidence of the
Carboniferous roof toward the south is observed,
reaching depths of approximately 1,000 m (Probierz
et al. 2012).

Within the Main Trough, the productive Car-
boniferous sequence has been documented down
to a depth of 1,300 m. It includes the Orzesze Beds
(Westphalian A) containing coal seams of the
300 series, the Ruda Beds (Namurian C and West-
phalian A) with coal seams of the 400 series, and
the Saddle Beds (Namurian A and B) comprising
coal seams of the 500 series (Fig. 1B). A total of
64 coal seams have been identified in the study

area, with an average thickness of 1.33 m, ranging
from a minimum of 0.02 m to a maximum of 3.6 m.
The productive Carboniferous exhibits a distinct
bipartite division, with the lower part represent-
ing a paralic series deposited in a marine environ-
ment and the upper part consisting of continen-
tal (limnic) deposits (Jureczka & Nowak 2016).
The Orzesze Beds are dominated by mudstones
and claystones, with coal seams occurring main-
ly within the mudstone layers and less frequently
in direct contact with sandstones. The Ruda Beds
reach a maximum thickness of 700 m and are sub-
divided into upper and lower units.
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Fig. 1. Map showing the location of the study area within the USCB (modified after Kedzior 2012) (1 - boundary of the Polish
part of the USCB, 2 - important fault zones, 3 — overthrusts, 4 — the range of the continuous Miocene cover, 5 - the range of the
secondary methane zone [ticks point the direction inside the areas of ranges], 6 — important cities, 7 — the Pniéwek mine bound-
ary), with the zoom on a structural map of the selected coal seam (361) in the study area with borehole locations on the coal mine
model (A); the lithostratigraphic division of the productive Carboniferous strata in the USCB with average thickness based on

the KIG-1 well (B) (modified after Jureczka & Nowak 2016)
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The Saddle Beds, which occur at significant
depths below 1,000 m, display a tendency for
seam splitting toward the west and merging to-
ward the east. The average density of coal in this
region is 1,380 kg/m’, ranging from a minimum
of 1,130 kg/m’ to a maximum of 2,150 kg/m’,
which is typical for high-quality coal with a sig-
nificant degree of coalification. The complex geo-
logical structure of the study area, coupled with
the lithological diversity and variability in coal
seam thickness, presents considerable challenges
for coal exploitation due to variability in seam ge-
ometry. However, these geological characteristics
also provide an interesting subject for petrophys-
ical and geomechanical investigations, especially
for assessing the potential of mine methane drain-
age using horizontal degasification boreholes.

METHODOLOGY

This study employed a systematic interdisciplin-
ary approach, integrating well log analysis, core
sample evaluation, and petrophysical modeling.
The applied methodologies were designed to ex-
tract maximum value from the available data,
providing a robust framework for developing
a detailed geological model of the Pnidéwek coal
mine in the Upper Silesian Coal Basin. Well log
data from six boreholes (BP-20, BP-21, BP-23,
BK-39, K IG-1, and WP-TXA) were collected and
processed to ensure accuracy and consistency.
The intervals of interpretation were 710-1,300 m
in the BP-21, BP-23, and BP-39 wells, 560-1,990 m
in KIG-1, 310-1,800 m in WP, and 710-1095 in
BK-39. The study utilized gamma ray logs (GR) to
assess the natural radioactivity of rocks, aiding in
lithological identification and multi-well correla-
tion, especially for separating clay-rich units from
sandy formations. Borehole diameter was deter-
mined using caliper (CALI) logs, which provid-
ed insights into borehole wall stability and served
as a correction factor for other geophysical mea-
surements. Bulk density (RHOB) was analyzed to
estimate porosity and identify lithological varia-
tions, including the clear detection of low-density
coal seams. Compressional slowness (DT) was
measured to evaluate acoustic wave travel time,
which was subsequently used to calculate porosity
and assess the mechanical properties of the rock

formations. Additionally, resistivity logs (LLD
and LLS) were employed to determine fluid sat-
uration and identify permeable zones within the
geological structure. The raw geophysical data
were initially corrected for borehole conditions,
including wall roughness and drilling mud inva-
sion, to minimize measurement distortions. Stan-
dard normalization techniques were then applied
to ensure consistency and allow direct compari-
son of data across different boreholes. The correct-
ed and normalized datasets were integrated into
the Techlog software platform (Schlumberger),
facilitating further analysis and interpretation.
Apart from deep surface-drilled research bore-
holes with accompanying well log data, our analy-
ses also included a very large dataset of as many as
114 underground boreholes that lacked well logs
but included a rich database of laboratory rock
mechanics measurements, aimed at evaluating
the rock mass prior to mining activity. An inte-
grated dataset covering a wide spectrum of data-
sets served as the foundation for a detailed pet-
rophysical and geomechanical characterization of
the study area.

Petrophysical modeling

Petrophysical modeling was conducted using the
Quanti Elan (QE) module in the Techlog software,
a common tool for quantitative interpretation of
well log data. The primary objective of this model-
ing was to determine the volumetric proportions
of various mineral constituents, such as clay, coal,
quartz, and siderite, as well as to calculate the po-
rosity and permeability of the formation. Sider-
ite was included in the petrophysical model due
to its documented presence in the study area, as
indicated by numerous core descriptions report-
ing sideritic concretions. This is also supported by
elevated bulk density (RHOB) values, suggesting
the occurrence of a relatively dense mineral phase
consistent with siderite. The modeling process
began with the construction of a mineralogical
model, in which a system of linear equations was
developed to relate the measured geophysical data
to the unknown volumes of rock components. To
optimize the model, the least-squares method was
applied, minimizing the difference between the
measured and synthetic well log responses. The
model calibration was performed using laboratory
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measurements of core samples, providing an in-
dependent estimate of porosity and permeability.
This step ensured that the model reflected the for-
mation conditions. Based on the calibrated model,
the volumetric proportions of individual mineral
constituents were determined, along with the ef-
fective porosity (Phi) and permeability (K).

Rock type identification

Rock types with distinct petrophysical proper-
ties were identified through a detailed analysis
of cross-plots, which graphically represent rela-
tionships between different parameters. In this
study, cross-plots of clay volume (Vcl) versus coal
volume (COAL_QE) and V¢l versus the sum of
Quartz_QE and Siderite_QE volumes were uti-
lized to distinguish between different rock types.
As aresult, five distinct rock types were identified:
coal, shale coal, clean sandstone, shaly sandstone,
and mudstone. These rock types were further ana-
lyzed to determine their specific petrophysical and
mechanical properties, such as porosity, permea-
bility, and elastic moduli. Identifying rock types
was essential for understanding formation hetero-
geneity and making accurate predictions regard-
ing reservoir quality and mechanical behavior.

The classification was initially performed
through interactive selection on the cross-plots.
Once predefined, the rock type classes were propa-
gated to other wells using the hierarchical tagging
method in the Techlog software. The heteroge-
neous rock analysis (HRA) tagging process in-
volved applying the HRA_Class generated in the
clustering module to designated wells within the
tagging module. It involves assigning individual
data points (e.g., log measurements) to predefined
lithologic classes based on multidimensional data
space, often after preprocessing or dimensionality-
reduction steps.

Additionally, linear discriminant analysis
(LDA) was employed to transform input data into
a coordinate system that maximized the separa-
tion of class centroids. It is a supervised statisti-
cal classification technique that identifies linear
combinations of variables that best separate pre-
defined groups. It is commonly used to classify
rock types or petrophysical trends in geoscience
and petrophysics (Fisher 1936). The classification

process relied on either pooled or class-specific
covariance matrices to assign new prediction data
to the appropriate rock type class. Unlike princi-
pal component analysis (PCA), which was used in
the clustering to maximize variance discrimina-
tion, the LDA focused specifically on optimizing
class separation in the tagging phase (Doveton
1994). It is an unsupervised dimensionality-
reduction method that transforms the original
variables into a set of principal components cap-
turing the maximum variance in the dataset. PCA
is widely applied in petrophysical analysis to iden-
tify trends, clusters, or correlations among well-
log measurements (Pearson 1901, Murariu et al.
2025, Ye 2025)

Permeability calculation

Permeability, a key parameter for evaluating fluid
flow within subsurface formations, was estimated
using empirical formulas derived from laborato-
ry measurements on core samples. These relations,
which establish relationships between porosity
and permeability for each rock type, were applied
to the well log data to generate continuous permea-
bility logs along the boreholes. The permeability of
different rock types exhibited significant variabil-
ity. Coal demonstrated the highest permeability
values, primarily due to their higher porosity and
natural fracturing. High permeability facilitates
fluid movement. In contrast, sandstones, despite
their relatively high porosity, exhibited lower per-
meability, likely due to their compact and cement-
ed structure, which restricts fluid flow. The em-
pirical formulas for the permeability estimation
were obtained from laboratory-core-measured
porosity and permeability. The resulting permea-
bility profiles were then analyzed to identify po-
tential zones of enhanced fluid flow, which could
act as pathways for methane migration or targets
for enhanced recovery techniques.

Methodology of laboratory measurements
on core samples

The mechanical parameters were determined us-
ing MTS-810 and MTS-815 testing machines, in
accordance with the applicable testing procedures
developed based on the Polish PN-G-04303 stan-
dard. The uniaxial compressive strength (Rc) was
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measured on air-dried specimens using regular-
shaped samples. The testing method involved load-
ing regular rock specimens in the form of cylin-
ders or rectangular prisms, in accordance with the
standard PN-G-04303:1997. Tensile strength (Ts)
was determined via the Brazilian test. In accor-
dance with the Polish PN-G-04302:1997 standard,
the elastic parameters, including Young’s modu-
lus, were determined using the BL-3/ZLGIG/PB-03
procedure. The value of the internal friction an-
gle was obtained using the strength parameters in
accordance with the PN-81/B-03020-3 standard.
Grain density was measured using a Micromerit-
ics AccuPyc 1340 helium pycnometer, which ex-
ploits helium’s ability to penetrate submicropores.
Bulk density was determined with a Micromer-
itics GeoPyc 1360 analyzer using quasi-fluid
pycnometry. These measurements were used to
calculate the helium porosity (PHI). Permeabili-
ty was measured mainly with a Corelab PDP-250
pulse-decay permeameter for tight rock samples
(from 10 nD to 1 mD), using nitrogen at a test
pressure of 2,000 psi (this pressure corresponds
to the anticipated in situ reservoir conditions) and
a confining pressure of 5,000 psi. Samples were
dried at 110°C for 24 hours before analysis. For
sandstones with porosity above 10%, permeabili-
ty was measured using TEMCO equipment under
a steady-state nitrogen flow, applying Darcy’s law
in a linear flow geometry through cylindrical core
plugs 1 inch in diameter and 3-4 cm in length.

Elastic properties estimation

Before the static values can be estimated, the dy-
namic values are calculated from well log data.
Due to a lack of shear slowness (DTS) data,
the DTS values were calculated with the use of the
Castagna model according to Equation (1):

V.

-1
fi 2
| 3 V(e Vi by, +c4) 1
’aiV}72+biVP+ci] z,f‘(:p e @

o[z
where: V, and V, are the compressional and shear
wave velocities for brine-saturated rocks [m/s],
a, b, ¢, are the empirical coefficients determined
for the specific rock types, and V; represents the
volume fractions of specific minerals, including
quartz and clay minerals [v/v].

The dynamic elastic moduli of the reservoir
(Young’s modulus - E and Poisson’s ratio - PR)
were calculated based on the measured compres-
sional slowness (DTP) and bulk density (RHOB)
and the calculated values of shear slowness (V)):

(mf—mf)

E=RHOBfox——7——3—— Q)
(%_W)
N Vi -2v] 5
2(v; -v7)

where: RHOB - bulk density obtained from well
logs [g/cm’], V, - P-wave velocity derived from
the DTP logs [m/s], and V, — S-wave velocity esti-
mated using Castagna’s formula [m/s].

Estimated static elastic properties are essen-
tial for geomechanical modeling and designing
safe mining operations, ensuring accurate pre-
dictions of rock behavior under stress condi-
tions and reservoir characterization. To obtain
continuous static values of E and PR, laboratory-
measured static values were used to develop con-
tinuous E and PR logs along the boreholes, im-
proving the accuracy of the geomechanical assess-
ments. Table 1 presents the relationships between
static (E_stat) and dynamic (E_dyn) values of
Young’s modulus and Poisson’s ratio (PR_stat vs.
PR_dyn). These equations provided conversion
functions, allowing dynamic log-derived values
to be transformed into their static equivalents in
the entire borehole profile. It should be empha-
sized that this relationship is not a classical sta-
tistical correlation, but rather an empirical rela-
tion that makes it possible to obtain continuous
curves of static elastic parameters.

Table 1
Relationships between static and dynamic values of Young’s
modulus and Poisson’s ratio

Rock types Relation
Relationship between E_stat and E_dyn
Sandstone E_stat = 0.14-E_dyn + 6.04
Other rock types E_stat = 0.15-E_dyn + 2.045

Relationship between PR_stat and PR_dyn

All rock types PR_stat = 0.88-PR_dyn — 0.15
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RESULTS AND DISCUSSION

Porosity and permeability distribution

A total of 112 laboratory core measurements of
permeability and porosity were performed in
well BDK-105. Additionally, 31 core measure-
ments of vertical permeability in sandstones
were conducted in this wellbore. The laboratory-
measured porosity distributions across different
rock types varied significantly. The highest poros-
ity values were observed in the sandstone, rang-
ing from 8.7 to 12.3%, which is consistent with its
well-sorted nature, allowing for the development
of substantial pore space. However, despite the
relatively high porosity, the permeability of these
sandstones was lower than expected, particular-
ly in the more compacted or cemented intervals.
This indicates that permeability is not solely con-
trolled by porosity but is also influenced by factors
such as grain size, sorting, and degree of cemen-
tation. The presence of kaolinite-illite cement and
compaction likely reduces the pore connectivity,
leading to restricted fluid flow.

In contrast, the laboratory-measured values
of permeability in the coal exhibited the high-
est values despite their lower porosity. The per-
meability of the coal ranged from 0.2 to 2 mD,

o
-

Permeability at 2000 psi (mD)
=4
o
=

0.001

0 g 10 15 20
Porosity (%)

osHIN R S 5

Equations:

Coal: log10(y)=0.92*log10(x)-1.6

Sandstone: log10(y)=1.1814*log10(x)-3.24

Shale coal+shaly sandstones: log10(y)=0.98*log10(x)-2.715

significantly exceeding that of the surrounding
sandstones and mudstones. The two circled black
data points for coal (Fig. 2A) represent samples
that were damaged (cracked) during laboratory
measurements, which affected the reliability of
the obtained values, as their permeability reached
values close to 1 mD. Consequently, these points
were excluded from the regression analysis. This
elevated permeability of coal is attributed to the
presence of fractures and cleats, which enhance
pore connectivity and facilitate fluid migration.
On the other hand, shale-coal, which contains
a mixture of coal and shale, exhibits much low-
er permeability due to the compact nature of the
formation. The mudstones, characterized by high
clay content and low porosity, demonstrated the
lowest permeability values, functioning as effec-
tive sealing layers capable of trapping gas within
coal seams.

The cross-plots of porosity versus permeabili-
ty (Fig. 2) provide a detailed visualization of these
relationships, illustrating the variability across
different rock types and boreholes. The empirical
equations used to estimate the permeability from
the porosity (Table 2) were found to be generally
accurate, though some deviations were observed
in more heterogeneous or fractured intervals.

0.1

0.01

0.001

Permeability at 2000 psi (mD)

0 5 15 20

10
Porosity (%)

Scale:

Scale’1: [PHI - PERM_V_PRESS 2000]
Equations:

PERM_H_SAND: log10(y)=1.1814*log10(x)-3.24

PERM_V__SAND: log10(y) = 1.562*log10(x)-3.57

Fig. 2. Porosity and permeability characteristics of studied rock types: A) relationship between laboratory-measured horizontal
permeability and porosity at 1,500 psi of pressure; color scale refers to lithology: black - coal, violet - shale coal, brown - shaly
sandstones, green — mudstones and claystones, pink — sandstones; the colorful lines describe the relationship between permea-
bility and porosity for different rock types; B) the green line shows the relationship between porosity and vertical permeability for
sandstones, while the red line is the relationship between porosity and horizontal permeability for sandstones (as in Figure 2A)
for comparison
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Table 2

Empirical equations for permeability estimation based on po-
rosity for different rock types. For sandstones, both the vertical
PERM_V and horizontal PERM_H permeability were calcu-
lated

Name of .
Rock type variable Equation
log,,(PERM1) =
Coal PERM1 0.921og,,(PHI) - 1.6
Shaly
log,,(PERM2) =
sandstones and | PERM2 10
coal shalos 0.98-log,,(PHI) — 2.715
Mudstonesand | = ppp 15 (PERM2 + 0.001)"*
claystones
log,,(PERM_H) =
Sandstones PERM_H 1.19-log, (PHI) — 3.24
log,(PERM_V) =
Sandstones PERM_V 1.562-log, (PHI) — 3.57

These discrepancies suggest that additional
factors, such as natural fractures or localized ce-
mentation variations, may play a role in con-
trolling permeability and should be considered
in future studies. Table 3 presents the equations
used for permeability estimation based on porosi-
ty for different rock types. For coals, permeability
follows a logarithmic trend, while for sandstones,
a steeper dependency on porosity is observed. No-
tably, sandstones exhibit comparable permeabili-
ty values in both the horizontal and vertical di-
rections, indicating isotropic characteristics. The
data in Table 3 (summary of average porosity
and permeability values for different rock types)
confirm the very low permeability of sandstones,
comparable to that of mudstones and clays.

Despite their average porosity of nearly 9%, the
sandstones are highly compacted, reducing fluid
flow pathways. Although the matrix of these rocks
is nearly impermeable, stress relief episodes associ-
ated with coal excavations may have enhanced the
permeability in some areas. According to Kedzior
(2012), the permeability of mudstone sequences in
the Orzesze and Zaleze formations may reach up
to 242 mD in sandstones (Krzanowska 2002). Fur-
thermore, permeability measurements conducted
at 1,500 psi and 2,000 psi closely reflect reservoir
conditions. In the K IG-1 well, the permeability
values align with formation pressures, ranging
from 1,000 psi at 640 m depth in the Zaleze Beds
to 3,119 psi at 1,998 m depth in the Saddle and
Poruba beds.

The low sandstone permeability under these
pressures indicates that compaction and diagenet-
ic cementation have strongly reduced the reservoir
quality. Table 4 summarizes the average reser-
voir and elastic properties for each rock type. The
clay, quartz, siderite, and coal volumes were also
analyzed to assess their contribution to the pet-
rophysical properties of the reservoir. Two outlier
samples in Figure 2 exhibited permeability values
exceeding 1 mD, which deviates from the estab-
lished porosity—permeability trend. These anoma-
lies may result from fractures, although it remains
uncertain whether these fractures formed in situ
or during sample transportation and laboratory
handling. Consequently, these high-permeability
coal samples were excluded from the development
of the PHI vs. PERM relationship to ensure con-
sistency in permeability modeling.

Table 3
Summary of average porosity and permeability values for different rock types
. . Geometric mean of Geometric mean of Geometric mean of
Arithmetic mean of - - -
Rock type orosity [%] permeability H permeability H permeability V
P y % 1,500 psi [mD] 2,000 psi [mD] 2,000 psi [mD]
Coal 9.33 0.3810 0.227 unavailable
Coal shale 2.88 0.0030 0.003 no data
Mudstones and clays 2.99 0.0038 0.003 no data
Shaly sandstones no data no data no data no data
Sandstones 8.92 0.0070 0.006 0.006

H - horizontal, V - vertical.
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Table 4

Average reservoir and elastic properties for each rock type in the selected boreholes

Average Average Average Average A.vera'ge Average ézf;?gg’: lﬁ) ‘;:?nglfs
Well name clay porosity permea- qual:tz snderllte coa.l modulus Ratio
volume | Ppyyy | biliy | fraction | fraction | fraction | i | (uari
(GPa] [-]
Coal
BK-39 0.192 0.083 0.176 0.02 0.029 0.675 2.366 0.165
BP-20 0.156 0.054 0.118 0.095 0 0.695 2.877 0.162
BP-21 0.180 0.091 0.191 0.081 0 0.648 2.732 0.157
BP-23 0.133 0.095 0.198 0.079 0.006 0.687 3.113 0.173
K-1 0.242 0.104 0.217 0.026 0 0.627 3.360 0.224
WP-TXA 0.173 0.125 0.257 0.064 0.004 0.635 1.591 0.177
Average 0.179 0.092 0.188 0.061 0.007 0.661 2.673 0.176
Coal shale
BK-39 0.433 0.082 0.012 0.137 0.034 0.313 3.856 0.126
BP-20 0.409 0.078 0.011 0.193 0.002 0.319 4.407 0.133
BP-21 0.358 0.102 0.015 0.234 0.006 0.301 3.707 0.135
BP-23 0.370 0.090 0.013 0.225 0.018 0.296 4.128 0.149
K-1 0.448 0.083 0.012 0.135 0.004 0.331 3.971 0.168
WP-TXA 0.408 0.091 0.013 0.171 0.015 0.316 3.312 0.137
Average 0.404 0.088 0.013 0.183 0.013 0.313 3.897 0.141
Shaly sandstones
BK-39 0.422 0.053 0.007 0.427 0.094 0.004 8.611 0.054
BP-20 0.368 0.056 0.008 0.479 0.080 0.018 8.808 0.070
BP-21 0.395 0.062 0.009 0.466 0.074 0.004 7.880 0.065
BP-23 0.398 0.054 0.007 0.455 0.069 0.023 8.305 0.070
K-1 0.387 0.047 0.006 0.49 0.060 0.015 8.098 0.062
WP-TXA 0.414 0.054 0.007 0.436 0.059 0.038 9.036 0.058
Average 0.397 0.054 0.007 0.459 0.073 0.017 8.456 0.063
Mudstones and clays
BK-39 0.521 0.058 0.003 0.339 0.073 0.009 7.410 0.071
BP-20 0.500 0.061 0.003 0.337 0.067 0.036 8.024 0.083
BP-21 0.513 0.068 0.003 0.342 0.069 0.007 7.106 0.081
BP-23 0.512 0.056 0.003 0.350 0.056 0.026 7.385 0.087
K-1 0.538 0.046 0.002 0.343 0.047 0.027 6.472 0.098
WP-TXA 0.527 0.061 0.003 0.328 0.049 0.035 7.113 0.084
Average 0.519 0.058 0.003 0.340 0.060 0.023 7.252 0.084
Sandstones
BK-39 0.242 0.091 0.008 0.594 0.063 0.009 12.440 0.046
BP-20 0.176 0.089 0.008 0.645 0.073 0.017 12.491 0.068
BP-21 0.245 0.090 0.008 0.593 0.068 0.005 12.336 0.051
BP-23 0.226 0.084 0.007 0.593 0.068 0.029 12.768 0.056
K-1 0.269 0.077 0.006 0.578 0.065 0.011 16.065 0.046
WP-TXA 0.162 0.086 0.007 0.611 0.045 0.097 13.465 0.041
Average 0.220 0.086 0.007 0.602 0.064 0.028 13.261 0.051
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Geomechanical properties
based on laboratory data
from underground boreholes

Mechanical properties, such as unconfined com-
pressive strength (Rc), tensile strength (Ts),
Young’s modulus (E), Poisson’s ratio (PR), and
friction angle (FA), are fundamental for evalu-
ating the stability and mechanical performance
of the rock mass in coal mining contexts. These
properties determine how different rock types
respond to stress, ensuring safe mining practic-
es and effective excavation techniques. To char-
acterize the mechanical properties and exam-
ine the relationships between specific strength
and elastic parameters, we combined laboratory-
derived static mechanical testresults obtained from
cores from a group of 114 underground boreholes
(Rc, Ts, and FA) with elastic properties (Young’s
modulus E), for the four rock types present in the
study area.

The dataset shown in Figure 3, plotted for
mudstones and clays (A), shaly sandstones (B),
sandstones (C), and coal (D), indicates that the
coal exhibits significantly lower strength and
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rigidity than the other rock types, with Rc values
up to 18.08 MPa and E values up to 2.1 GPa. This
is primarily due to its high organic content and
cleat structure, which makes it more susceptible
to deformation (Ranjith & Perera 2012). In con-
trast, shales and shaly sandstones exhibit mod-
erate Rc and E values, with Rc reaching 101 MPa
in shaly sandstones and 124 MPa in shales, while
their maximum E values are 16 GPa and 22 GPa,
respectively. Sandstones display the highest me-
chanical strength, with Rc values up to 158 MPa
and E reaching 23 GPa, which can be attributed
to their granular structure and high quartz con-
tent, making them strong and rigid. A positive
correlation between Rc and E is observed across
all rock types, suggesting that an increase in com-
pressive strength (Rc) corresponds with a rise in
Young’s modulus (E), enhancing the rock’s resis-
tance to deformation (Li et al. 2019). However, the
degree of correlation varies among rock types due
to differences in mineral composition and inter-
nal structure (Chang et al. 2006).

The relationship between unconfined com-
pressive strength (Rc) and friction angle (FA) for
different rock types is illustrated in Figure 4.
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Fig. 3. Cross-plots showing the relationship between unconfined compressive strength (Rc) and Young’s modulus (E) for different
rock types: shales (A), shaly sandstones (B), sandstones (C), and coal (D)
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The results show that sandstones exhibit the
strongest correlation between Rc and FA, with
R? = 0.97, reflecting their high grain interlocking
and quartz-dominated composition. Shales and
shaly sandstones demonstrate moderate strength,
but their friction angle is limited by the clay con-
tent, which weakens the rock’s internal cohesion.
Coal exhibits the lowest Rc and FA values, primar-
ily due to its high organic matter content and cleat
structure, which makes it the least rigid rock type.
A strong positive correlation between Rc and FA
is observed across all rock types, indicating that
as the compressive strength increases, the rock’s
resistance to shear failure also increases due to
stronger internal bonding and reduced pore space
(Xie et al. 2023). Due to the lack of porosity mea-
surements on rock samples from boreholes drilled
in coal seams, the effect of porosity on mechanical
properties was not analyzed in this study.

Unconfined compressive strength (Rc) rep-
resents the maximum stress a material can with-
stand in compression, while tensile strength (Ts)
measures its resistance to tension. Generally,
rocks exhibit much lower tensile strength than
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compressive strength due to weaker bonding un-
der tension, making them more prone to fractur-
ing (Song et al. 2024). The Rc/Ts ratios for the an-
alyzed rock types are presented in Table 5. The
results indicate that non-coal rock types exhib-
it Re/Ts ratios ranging from 6-7 (minimum) to
18-30 (maximum) for sandstones and shaly sand-
stones. Coal has significantly higher Rc/Ts ra-
tios, with a minimum of 27 and a maximum of
56, reflecting its heterogeneous structure and low
tensile strength. Such ratios confirm coal’s me-
chanical anisotropy and fracture-prone behav-
ior. Shales have the highest Rc/Ts ratio, reaching
up to 109, due to their laminated structure and
weak bedding planes (Xie et al. 2023, Matkowski
& Niedbalski 2024). A moderate correlation be-
tween Rc and Ts is observed across all rock types,
with R* values between 0.54 and 0.57 (Fig. 5). Al-
though a general trend exists where a higher UCS
(unconfined compressive strength) corresponds
to a higher tensile strength, the relationship is not
particularly strong due to pre-existing fractures,
bedding planes, and structural variations (Rybac-
ki et al. 2015, Li et al. 2019).
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Fig. 4. Cross-plots illustrating the correlation between unconfined compressive strength (Rc) and friction angle (FA) for different
rock types: shales (A), shaly sandstones (B), sandstones (C), and coal (D)
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gt‘:;fftfcal characteristics of the ratio between uniaxial compressive strength (Rc) and tensile strength (Ts) for different rock types
Rc and Ts ratio Mudstones and clays Shaly sandstones Sandstones Coal
Average value 17.46 16.00 11.97 39.11
Min value 6.59 7.30 7.46 27.00
Max value 109.09 30.33 18.85 55.93
Stand. dev. 14.10 7.23 3.00 8.15
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Fig. 5. Cross-plots depicting the relationship between unconfined compressive strength (Rc) and tensile strength (Ts) for different
rock types: shales (A), shaly sandstones (B), sandstones (C), and coal (D)

Among all rock types, sandstones exhibit the
highest tensile strength, indicating better grain
bonding and structural integrity under tension,
whereas coal shows the lowest Ts values due to its
weak cleat structure. Empirical correlation func-
tions with coefficients of determination (R?), describ-
ing the relationships between the above-outlined
mechanical properties, are listed in Table 6.

The elastic properties of the analyzed forma-
tions, represented by Young’s modulus (E), dif-
fer significantly among rock types, reflecting

variations in mechanical behavior and stability.
Coals have the lowest E values, ranging from 1.2
to 1.5 GPa, indicating low stiffness and high sus-
ceptibility to deformation. This aligns with their
petrophysical characteristics, making them more
prone to compaction and subsidence during gas ex-
traction. Conversely, sandstones show higher E val-
ues (8-13 GPa), indicating greater rigidity and re-
sistance to deformation. Their high modulus is due
to their compact and cemented structure, which
enhances stability and reduces subsidence risk.
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Table 6

Empirical correlation functions and their coefficients of determination (R?) describing the relationships between key mechanical
properties — unconfined compressive strength (Rc), Young’s modulus (E), friction angle (FA), and tensile strength (Ts) - for the
analyzed rock types: shales, shaly sandstones, sandstones, and coal

Rock type | Shales |

Shaly sandstones

| Sandstones Coal

Rcversus E

Regression function | y=0.1078x + 1.8017

y=0.1217x + 1.9794

Y = 6.1709¢" 0% y=0.1188x + 0.073

Coeflicient of

. 4
determination R* 0.687

0.7059

0.5104 0.6051

Rc versus FA

Regression function |y =4.043 In(x) + 20.655

y=2.8978 In(x) + 25.514 | y = 3.5061 In(x) + 22.819

y =0.687x + 16.633

Coefficient of

.. 0.8331
determination R*

0.6576

0.9766 0.8236

Rc versus Ts

Regression function y=0.0998x — 0.787

¥ = 0.5829¢"0%

¥ =3.0428¢"00 y = 0.0131x + 0.1056

Coeflicient of

determination R? 0.5441

0.5393

0.5662 0.5676

Static versus dynamic elastic properties

Dynamic E and PR values are generally higher than
static values, which can overestimate formation
stiffness, especially in coals. This discrepancy un-
derscores the importance of calibrating dynamic
measurements using laboratory data, as only stat-
ic values are used for stability assessments during
mining operations. The results for the K IG-1 well
are shown in Figure 6. Track 2 shows dynamic and
static PR, and Track 3 shows dynamic and static E.
These values were calibrated using laboratory mea-
surements (black dots). In track 4, the lithological
rock types identified in the K IG-1 borehole are
distinguished by different colors: coal is marked
in black (W), coal shales in purple (WZL), mud-
stones and clays in green (IL), shaly sandstones in
brown, and sandstones in yellow (PSC). This clas-
sification aids in understanding the variation in
elastic properties across different geological units.
The correlation between static Young’s modulus

(E_stat) and static Poisson’s ratio (PR_stat) is sum-
marized in Table 7. The results indicate a strong
negative correlation, with higher PR values gener-
ally associated with lower E values. This relation-
ship is particularly evident in shaly sandstones
and mudstones, where the presence of clay min-
erals significantly reduces stiffness. The equations
presented in Table 7 describe the empirical de-
pendence of E_stat on PR_stat for different rock
types. The coefficients of determination (R*) sug-
gest a strong correlation for most rock types, with
values ranging from 0.497 to 0.845, confirming the
robustness of these regression models. These find-
ings highlight the necessity of incorporating static
elasticity measurements in geomechanical model-
ing to enhance the accuracy in predicting defor-
mation and subsidence risks in underground coal
seams. The presented regression equations can be
employed in future studies to estimate static elastic
parameters for formations where direct laboratory
measurements are unavailable.

Table 7
Empirical relationships between static Young’s modulus (E_stat) and static Poisson’s ratio (PR_stat) for different rock types
Rock type Relationship between E_stat and PR_stat R R’

Coal log,,(E_stat) = —2.605-PR_stat + 0.832 -0.705 0.497
Coal shales log,,(E_stat) = —3.369-PR _stat + 1.036 —-0.862 0.742
Mudstones and clay log,,(E_stat) = -3.974-PR_stat + 1.171 -0.919 0.845
Shaly sandstones log,,(E_stat) = —3.830-PR_stat + 1.155 -0.916 0.839
Sandstones log,,(E_stat) = —2.312-PR_stat + 1.228 -0.910 0.827
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Fig. 6. Interpretation of elastic properties in the KIG-1 borehole, including static and dynamic Young’s modulus (E) and Pois-
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Characteristics of the rock types
within the lithostratigraphic beds

The results of petrophysical and geomechanical
wellbore interpretation in six wells (Fig. 7 on the
interleaf) cover depths from a few hundred me-
ters to approx. 1,000 m. The Zaleze Beds are pri-
marily composed of fine-clastic deposits, includ-
ing mudstones and siltstones, which have been
confirmed to act as effective sealing formations.
Their low permeability and high clay content cre-
ate an excellent barrier to fluid migration, which
is crucial for trapping methane within the under-
lying coal seams. A laminar, carbonaceous micro-
texture further improves the sealing by reducing
the permeability. The Ruda and Saddle beds ex-
hibit a more complex lithological and petrophysi-
cal character, primarily due to their higher quartz
content and kaolinite-illite cement. These for-
mations are dominated by coarse- and medium-
grained sandstones, which exhibit moderate po-
rosity, particularly in cleaner, better-sorted in-
tervals. However, the presence of detrital clay
and other impurities within the sandstones sig-
nificantly reduces the permeability, especially in
poorly sorted or highly cemented zones.

The variability in mineral composition and
grain sorting suggests deposition in a dynamic,
high-energy environment, potentially influenced
by fluvial or shallow marine processes. The occur-
rence of well-rounded to subangular grains, com-
bined with a micro-directional texture character-
ized by mica laminae and pelitic siderite, indicates
that these beds underwent significant reworking,
either through multiple cycles of deposition and
erosion or under the influence of strong currents
during sedimentation. The Poruba Beds, repre-
senting the paralic series, exhibit considerable
lithological heterogeneity, reflecting the cyclic na-
ture of their deposition. The alternation between
clastic and phytogenic sediments, with varying
proportions of sandstones, mudstones, and coal
seams, suggests deposition in a coastal or delta-
ic environment, where fluctuations in sea level or
sediment supply led to periodic shifts in the dep-
ositional regime. Coal seams and strong lithologi-
cal variability make this unit important for meth-
ane extraction. The thin coal seams, typically

ranging from 1 to 1.5 m in thickness, are inter-
bedded with fine- to medium-grained sandstones,
which constitute 20-50% of the entire series. This
architecture forms a dual system: coal as the main
reservoir and sandstones as secondary migration
pathways. The coal-bearing horizons of the Saddle
Beds exhibit the lowest clay content compared to
the Ruda and Zaleze beds, along with the highest
porosity, exceeding 10%, and permeability values
reaching approximately 0.25 mD. The coal vol-
ume varies between 68% in the Saddle Beds and
65% in the Zaleze Beds, whereas no coal seams
are observed within the Poruba Beds. Coal shales,
on the other hand, exhibit significantly lower per-
meability compared to coals, with values rang-
ing from 0.01 to 0.012 mD. The highest coal vol-
ume is found in the Saddle Beds (37%), whereas
the Poruba Beds contain the highest clay volume
(51%). The mudstone and claystone sequences of
the Poruba Beds contain the highest clay fraction
(60%) and an average permeability of approxi-
mately 0.1 mD. The porosity of the mudstones de-
creases with depth, from 6.3% in the Zaleze Beds
to 2.2% in the Poruba Beds. Additionally, a coal
fraction of 1-2.8% is observed within the mud-
stone series. The porosity of the sandstones av-
erages 9.1% in the Zaleze Beds, decreasing with
depth to 4.3% in the Poruba Beds. The clay frac-
tion within the sandstone series is relatively con-
sistent, ranging from 20% to 22%, with the highest
values observed in the Poruba Beds (up to 30%).
A minor coal admixture is present within the Sad-
dle Beds (5%) and the Zaleze Beds (4%). The per-
meability of the sandstones is very low in both
horizontal and vertical directions, indicating the
isotropic nature of the sandstone series.

Laboratory-measured permeability values range
from 0.008 mD in the Zaleze Beds to 0.003 mD
in the Poruba Beds. Shaly sandstones, character-
ized by a higher shale fraction (ca. 40%) and low-
er porosity, exhibit porosity values ranging from
5.8% in the Zateze Beds to 1.8% in the Poruba
Beds. Their permeability is also low, decreasing
from 0.007 mD in the Zaleze Beds to 0.002 mD in
the Poruba Beds.

The petrophysical characteristics of individu-
al rock types within the studied lithostratigraph-
ic beds are summarized in Figure 8.
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The histograms (Fig. 8) illustrate the distribu-
tion of average parameter values and highlighting
key trends. A comprehensive summary of the av-
erage mineral composition, reservoir properties,
and elastic parameters for different rock types
and stratigraphic beds is provided in Table 8,
facilitating a comparative analysis of the vari-
ability in rock properties across the study area.
The highest Young’s modulus values are found
in the sandstones of the Poruba Beds (15.9 MPa)
and the Saddle Beds (15.5 MPa). The lowest val-
ues are observed in coals (2.2-2.7 MPa). Coal
shales of the Poruba Beds exhibit higher Young’s
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modulus values (5.5 MPa) compared to those in
the Zaleze Beds (3.9 MPa) and the Saddle Beds
(3.3 MPa). The Young’s modulus values for mud-
stones remain relatively consistent, ranging
from 7 MPa in the Poruba Beds to 7.3 MPa in
the Ruda Beds. The highest Poisson’s ratio val-
ues are observed in the coals of the Saddle Beds
(0.21), followed by the coal shales of the Poru-
ba Beds (0.185) and the Saddle Beds (0.17). The
variation in Young’s modulus (E) and Poisson’s
ratio (PR) among different rock types within the
Zaleze, Ruda, Saddle, and Poruba beds is depict-
ed in Figure 9.
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Fig. 8. Distribution of selected petrophysical and mineralogical parameters (Vcl, porosity (Phi), quartz content (Quartz_QE),
coal content (Coal_QE), and permeability (PERM)) for different lithologies and stratigraphic units. Vcl, Phi, Quartz_QE, and
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CONCLUSIONS

This study presents a comprehensive petrophys-
ical and geomechanical characterization of the
Carboniferous coal-bearing formations in the
Upper Silesian Coal Basin (USCB). By integrat-
ing well log data, core analysis, and petrophysi-
cal modeling, robust 1D petrophysical and geo-
mechanical models were developed. The results
highlight strong lithological variability and its im-
portance for resource management. The findings
emphasize the importance of detailed rock type
differentiation when assessing reservoir quality
and mechanical behavior. The observed variabil-
ity in porosity, permeability, and elastic proper-
ties across the beds directly affects methane ex-
traction and safe coal exploitation.

Based on the analyses performed, the follow-
ing conclusions regarding the petrophysical and
mechanical characteristics were drawn:

1. Rock type identification: The analyzed produc-
tive Carboniferous strata include multi-coal

seams from groups 300, 400, 500, and 600,

associated with the Zateze, Ruda, Saddle, and
Poruba beds, respectively. These seams are in-
terbedded with claystones, mudstones, and
sandstones, with their proportions varying de-
pending on the lithostratigraphic bed.
Permeability and porosity relationships: Re-
lationships between the laboratory-measured
horizontal permeability and porosity were
determined. Empirical equations estimating
permeability as a function of porosity were
developed for each rock type, facilitating per-
meability predictions.

. Porosity and permeability variability: Among

the analyzed rock types, coal exhibits the high-
est porosity and permeability values of the
rock matrix. In contrast, mudstones and sha-
ly sandstones exhibit anisotropic but very low
permeability, whereas sandstones, although
isotropic, display very low permeability despite
moderate porosity.

. Permeability in the mining context: Although

the rock matrix of the analyzed formations
is almost impermeable, it is known that rock
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masses in the mining area were subjected to
stress relief episodes associated with coal ex-
cavations. According to Kedzior (2012), the
permeability of the mudstone series, which in-
cludes the Orzesze and Zaleze beds, can reach
values of up to 242 mD, which is comparable to

sandstones (Krzanowska 2002).

Regarding the mechanical properties, signifi-
cant variability in elastic and strength parameters
was observed across the rock types:

1. Static and dynamic elastic property relation-
ships: Models defining the relationships be-
tween static and dynamic elastic properties
were developed, providing a basis for estimat-
ing static equivalents of elastic properties in
the Upper Silesian Coal Basin.

2. Variability in mechanical properties: Rock
types such as coal, shale, mudstone, and sand-
stone exhibit substantial mechanical variabil-
ity, which is largely influenced by their inter-
nal structure and mineral composition. Coal is
characterized by the lowest uniaxial compres-
sive strength (Rc) and Young’s modulus (E)
due to its high organic content and layered
structure, limiting its ability to resist deforma-
tion. In contrast, sandstone’s granular struc-
ture and high quartz content ensure that it ex-
hibits the highest Rc and E values, making it
the strongest and stiffest rock type among the
analyzed formations.

3. Correlation between Rc, E, and FA: A posi-
tive correlation between uniaxial compressive
strength (Rc) and Young’s modulus (E) was
identified, with an especially strong correla-
tion observed between Rc and the friction an-
gle (FA) across various rock types. Sandstones
exhibit the highest correlation, attributed to
strong intergranular bonding, whereas coal
shows a lower correlation due to its cleat struc-
ture, which reduces the stress transfer efficien-
cy and shear resistance.

4. Uniaxial compressive to tensile strength ratio
(Rc/Ts): The Re/Ts ratio serves as an important
indicator of rock mechanical stability, exhib-
iting significant variations among rock types.
Coal has the highest Rc/Ts ratio, indicating its
high susceptibility to cracking under tensile
stress due to structural weakness. In contrast,
sandstones and mudstones, which have stron-
ger intergranular bonds and lower porosity,

exhibit lower and more stable Rc/Ts values,

making them more resistant to stress under

operational conditions.

Future studies should focus on enhancing the
resolution of permeability models through the
application of advanced imaging techniques and
further investigating the role of fractures in meth-
ane migration. These studies are crucial for opti-
mizing resource extraction and ensuring the long-
term stability of mining operations in the Upper
Silesian Coal Basin. However, it should be noted
that the developed petrophysical-geomechanical
relationships and regression models are primarily
applicable to the geological conditions of the stud-
ied area and may not be directly transferable to
other settings without further validation.

This research was financially supported by the
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no. SG-4100-0038/24) and the REM project (Grant
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