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A growing interest in the field of coal bed methane (CBM) extraction in Poland shows the demand
for rock mechanics data, used to design hydraulic fracturing operations. The elastic response of
the rock is typically determined by sonic logging calibrated with laboratory tests. This paper
presents the laboratory ultrasonic measurements of the core samples, performed to determine the
elastic moduli and brittleness index (BI) of the coal. Tests were performed on 20 core plugs from
four coal mines located in the central and southern part of the Upper Silesian Coal Basin (USCB),
Poland, characterized by varied maceral composition and mineral additives. The samples were
cored out in three directions: perpendicular, parallel, and at a 45° angle to the bedding planes, and
tested with the given effective pressure. The majority of the samples were saturated by water with
a potassium chloride additive (swelling inhibitor). A P- and S-wave velocity upward trend was
observed when the mineral content in the samples increased. Elevated velocities in samples of high
mineral content resulted in exceeding the E, to v, limits for coal as proposed in literature. With
increased BI, upward trends in the liptinite and inertinite content as well as a downward trend in
the vitrinite content were observed. The dynamic elastic moduli of the measured samples were

compared to the available literature data.

1. INTRODUCTION

The need for diversification of the natural gas
resources in Poland has resulted in a growing interest
in unconventional deposits, including coal bed
methane (CBM). The documented balance of CBM
resources in the Upper Silesian Coal Basin (USCB),
according to experts from the Polish Geological
Institute — National Research Institute, amount to
102 billion m* of natural gas (Malon and Tyminski,
2019). The production of this gas from unconventional
reservoirs is much more complicated than from
conventional ones. Coal matter includes methane in
the following forms: adsorbed in micropores of
diameter less than 2 mm, in a carbon matrix, bound by
weak van der Waals’s bonds on the carbon surface,
such as free gas in cracks and natural fractures or
dissolved in water (Gonet et al., 2010).

To release the gas, hydraulic fracturing is
required in the low permeability productive horizon,
similarly to shale gas deposits (Kasza, 2019). In recent
years, a few hydraulic fracturing operations were
created as directional and horizontal boreholes on the
Gilowice deposit (the southern part of USCB).
The determination of the elastic parameters of the
reservoir and surrounding formations are one of the
keys to effective fracking. The elastic moduli of the
rock, together with the pore pressure and stress state in
the reservoir, determines the length and width of the
inducted fractures. Rock mechanics data can be

obtained from acoustic well logging or from
laboratory tests (dynamic and static). The laboratory
measurements of the dynamic Young’s modulus (£,)
and Poisson’s ratio (v4) of the different rocks have
been conducted for many years; however, only a small
part of the work was based on coal material.

The concept of the brittleness index (BI) was
developed in the 1960s, in response to the demand for
a parameter describing a part of the elastic properties
of the rock related to the deformation characteristics.
Throughout the years, many authors used various
geological and geophysical parameters to calculate B/
based on the:

e shape of stress-strain curve (Bishop, 1967; Hucka
and Das, 1974; Hajiabdolmajid and Kaiser, 2003),

e cenergy balance analysis (Tarasov and Potvin,
2013),

e unconfined compressive strength and Brazilian
tensile strength tests (Hucka and Das, 1974;
Altindag, 2002),

e mineral composition (Jarvie et al., 2007; Wang
and Gale, 2009; Jin et al., 2014a; Jin et al., 2014b;
Bata, 2017),

e Young’s modulus to Poisson’s ratio relation
(Grieser and Bray, 2007; Rickman et al., 2008;
Luan et al., 2014; Bata, 2017; Moska et al., 2018;
Wu et al., 2019),
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e combined mineralogy-based and elastic
parameters-based methods (Qian et al., 2020).

Regardless of the method of B/ definition, brittle
rocks typically exhibit a unique set of features (Zhang
etal., 2016):

— low elongation upon load application,

—  higher ratio of compressive strength to tensile
strength,

— higher internal friction angles (high friction
angled brittle rocks have less possibility to slip
along the fracture,

—  greater percentage of brittle minerals (e.g., quartz)
and minimal amounts of ductile minerals
(e.g., clay minerals),

— higher E and lower v values, where these terms
describe the rock’s ability to fail and maintain
inducted fractures, respectively.

The set of rock characteristics mentioned above
is very desirable in the oil and gas industry, due to the
susceptibility to brittle crack development during
hydraulic fracturing. BI not only reflects the
deformation characteristics directly but also indirectly
determines the type of the fracking fluid and proppant.

Fluid pumped above the breakdown pressure
causes a burst in a rock and create an inducted fracture,
perpendicular to the minimum stress direction.
Young’s modulus defines how much energy is
required to accomplish rock displacement during
fracture formation. Brittle rocks with large E require
more of energy. In these formations fractures tend to
be relatively narrow and long, whereas in ductile rocks
of low E, short fractures of relatively large width
dominate (Economides and Martin, 2007).

Pressure drops below the closure pressure cause
tightening of the fracture, which is counteracted by
grains of proppant transported with fracking fluid. Due
to the low plastic deformations in brittle rocks, the
embedment phenomena are reduced, and thus
conductivity through propped fractures is preserved
for a longer time (Alramachi and Sundberg, 2012;
Mastowski et al., 2019).

The high length and low width of the fractures in
brittle formations require low viscosity fluids to
reduce a flow resistance. Due to the low permeability
of such rocks, the fracking fluid should cause slight
conductivity damage (Czupski et al., 2013).

In the oil and gas industry, predominantly the £
to v ratio defines the BI. The BI profile, based on well
logging data, is determined along the reservoir
production zone. These data are often calibrated by
laboratory tests on core plugs. On this basis, the sweet
spots with optimal B/ are marked as indicators for
perforation. (Grieser and Bray, 2007).

Laboratory ultrasonic measurements of coal
samples have not been widely disseminated so far.
This situation changed in recent years due to the

growing interest in CBM extraction. The described
results of the ultrasonic measurements of coal
concerned the relationship between the elastic moduli
and confining pressure and water saturation (Yu et al.,
1993), petrographic parameters and coal rank (Garcia-
Gonzalez and Towle, 2006; Morcote et al., 2010;
Kumar et al., 2015), as well as anisotropy and B/ (Wu
et al., 2015; Wu et al., 2019). Wu et al. (2019), in
response to the lack of clear criteria for the evaluation
of BI for coal samples, suggested constant limit values
for the E£; and v4 moduli, allowing the strength of
samples to be described connected with the coal
structure (coal type, fractures, and bedding).

Data concerning the rock mechanics ultrasonic
measurements of the coal samples from USCB are
unavailable in the literature so far. A first attempt at
ultrasonic tests of coal from USCB were shown in
2019; however, that paper included the data of single
samples and was an attempt to gather experience in
sample preparation and test conduction (Moska and
Mastowski, 2019). Still, a growing interest in CBM
extraction in Poland shows demand for these kinds of
data, and allows for the continuance of those studies.

In this paper, 20 coal samples of known maceral
composition, from four coal mines, were tested. The
obtained dynamic elastic moduli were used for the B/
calculations, based on the criteria from (Wu et al.,
2019). Finally, an attempt to relate the rock mechanics
properties to the maceral composition was conducted.

2. MATERIALS AND METHODS
2.1. MATERIALS

Blocks of coal were collected from four coal
mines (A, B, C, and D were the sample IDs) located in
the central and southern part of USCB and transported
to the laboratory in sealed containers. Samples from
the D coal mine were collected from several
excavations (D1, D2, D3, and D5 were the sample
IDs). A total of 20 core samples were cut out, using
a construction core driller, in three directions:
perpendicular, parallel, and at an angle of 45° to the
bedding planes, according to the methodology of
Vernik (1993) (v, u, and 45 were the sample IDs,
respectively). Samples 1-8 were 1 inch in diameter,
whereas samples 9-20 were 1.5 inch. The length of the
samples amounted to from 34 to 40 mm and from 40 to
60 mm, respectively for the two groups. The top and
bottom faces were planed up to gain a smooth surface
and perpendicularity (Figs. 1, 2).

First, the effective porosity and bulk density
measurements were conducted using an HPG-100
helium porosimeter. The development of natural
unfilled fractures and the crack network in samples
was specified by macroscopic observations. Samples
4 to 20 were saturated by water with 2 % potassium
chloride (KCIl, swelling inhibitor) by a minimum of
12 hours in a vacuum chamber, at the underpressure of
1 Bar. Table 1 presents a list of the measured samples,
descriptions, and selected parameters.
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Fig. 1  Coal samples from the A and B coal Fig.2 Coal samples from the C and D coal mines before
mines before testing. Dimensions: testing. Dimensions: A—1,5 in. and B—about
A—1 in. and B—about 35-40 mm 40-60 mm depending on the sample.
depending on the sample.

Table 1 Selected parameters of measured samples.

Sample Lithotype. After: Diessel (1965) and

D Porosity (%) Unfilled fractures and cracks Diessel (1992)
1Ay 2.71 undeveloped Banded dull coal
2An moderate Banded dull coal
3Ass moderate Banded dull coal
4By 2.74 undeveloped Banded coal
5Bv 2.73 undeveloped Banded coal
6Bu moderate Banded bright coal
7Bu 2.15 moderate Banded bright coal
8B 2.70 undeveloped Banded bright coal
9Cv 5.20 developed Banded dull coal

10Cy 7.22 developed Banded dull coal

11D1y 3.19 moderate Banded bright coal
12D2y 2.33 undeveloped Banded coal
13D2y 2.85 undeveloped Banded coal
14D2y 2.88 moderate Banded coal
15D3y 4.07 undeveloped Banded dull coal
16D5y 3.14 undeveloped Banded coal
17D5y 3.03 undeveloped Banded coal
18D5y 3.18 moderate Banded coal
19D5y 4.10 moderate Banded coal
20D5vy 6.15 undeveloped Banded coal

2.2. METHODS

The maceral composition analysis was
conducted on polished specimens, using an optical
microscope Zeiss Imager M2. First, the surface of the
specimens was observed in reflected and UV light, to
identify fragments of organic matter. Secondly, the
planimetric analysis of about 500 points at the surface
were performed, which allows us to obtain proportions
between macerals. The analysis was based on the

classification and terminology given by International
Committee for Coal and Organic Petrology (ICCP)
(ICCP, 1998; ICCP, 2001; Sykorova et al., 2005;
Pickel et al., 2017). The lithotypes of the samples were
classified based on the ratio of vitrinite to other
maceral contents (Diessel, 1965; Diessel, 1992).
Ultrasonic tests were conducted using the Vinci
AVS-700 device, under the following conditions:
temperature of approximately 25 °C, effective
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pressure of 9.72 MPa, which corresponds to the
average effective pressure at the depth of collecting
the samples. The transition measurement method was
used. The transducer frequency was set to 500 MHz,
which allowed a good-quality signal for 1 to 3” length
samples. For each of the samples, the P-wave velocity
and two S-waves perpendicular to each other were
measured. The velocity of the S-wave was calculated
as an arithmetic average of both S-waves. Examples of
the measured waveforms are presented in Figure 3.

he elastic moduli of the samples were calculated
using the equations below:

_)
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where Vp and Vi are the compressive and shear waves
velocity, respectively; p is the bulk density of the
sample; and vy, E; G4, and K; are the Poisson’s,
Young’s, shear, and bulk elastic moduli, respectively.

The BI was calculated based on Rickman’s et al.
(2008) methodology using the relation between the
dynamic Young’s modulus and dynamic Poisson’s
ratio.

100(Egq—-Eq4 min) | 100(vg-vg max)
(Edmax—Edmin) (d min—Yd max
Bl = )2 ) (5)

where E; and v, are the measured Young’s modulus
and Poisson’s ratio, respectively; Ey min and Eg yq. are
the minimum and maximum Young’s moduli; and
Vd min aNd Vg mae are the minimum and maximum
Poisson’s ratios, respectively. To unify the calculation
standard, I assumed the limit values of E; and vy
after Wu et al., (2019), and set Ey nin and Egmaxas 0.5—
9.0 GPa, and vy min and vy max as 0.22-0.45 (-).
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3. RESULTS

Results of the maceral composition analysis as
well as ultrasonic tests of the samples are presented in
Tables 2, 3 and Figure 4.

4. DISCUSSION
4.1. MACERAL COMPOSITION

Based on the results from Table 2, the tested
samples can be divided into four groups. In the first
group (I), the banded dull coal samples 1Ayv—3Aus,
contained significant amounts of liptinite and
inertinite macerals (36 % and 45 %, respectively), the
vitrinite content was slightly lower (19 %), and
the mineral content was vestigial. Samples 2 and 3 had
fractures unfilled by mineral matter, formed after the
sample preparation.

The composition of the second group (II)
included banded coal (4By, 5By) and banded bright
coal (and 6By—8By) were dominated by the vitrinite
group (58 %—68 %), whereas liptinite and inertinite
were minor. Samples 4By and 5By were characterized
by a significant increased content of the mineral
matter, which filled the microcracks and fractures. The
lower amount of minerals caused an increased
proportion of liptinite and inertinite in the other
samples in this group.

Samples 9Cy and 10Cy (banded dull coal) were
assigned to group III, due to their low vitrinite content
(25 %35 %), relatively little mineral addition, and
large amount of macerals from the inertinite group.
These two samples were clearly distinguish by the
number of unfilled cracks and fragility.

Group IV, mostly banded coal, was represented
by samples 11D1y to 20D5y and characterized by
variable proportions of vitrinite to inertinite, and
a slight content of liptinite (up to 14 %) and minerals
(up to 2 %). Macroscopically visible cracks in the
structure of these samples were undeveloped or
moderately developed. Microscopic images of
selected macerals at the surface of the specimens are
shown in Figure 4.
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Examples of: (a) P-waveform and (b) S-waveform. Data from 9CV sample.
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Table 2 The contents of the macerals and mineral additives in the tested coal samples.
No. Sample ID Vitrinite (%) Liptinite (%) Inertinite (%) Minerals (%)
1 1Ay
2 2An 18.89 35.98 45.13 vestigial
3 3A4s
4 4Bv 58.01 3.25 4.06 34.69
5 5Bv 58.51 0.78 2.74 37.96
6 6Bu 61.55 11.04 20.45 6.95
7 7Bu 62.65 11.22 20.61 5.51
8 8B 67.56 10.06 12.11 10.27
9 9Cv 35.25 8.12 56.44 0.20
10 10Cy 25.55 1.21 65.39 7.85
11 11D1y 76.27 5.68 17.44 0.61
12 12D2y
13 13D2y 59.34 7.13 33.14 0.39
14 14D2y 42.39 13.49 43.55 0.58
15 15D3y 24.66 7.38 66.41 1.55
16 16D5y
17 17D5y 49.42 5.64 44.75 0.19
18 18D5y
19 19D5y 50.10 6.91 42.80 0.19
20 20DSv 48.00 5.40 44.60 2.00
Table 3 The wave velocities, dynamic elastic moduli, and BI parameters of the measured coal samples.
No. Sample ID  Density p Vp Vs Ve/Vs Va E,; Gy Ky BI
(g/em’) (m/s)  (m/s) ) () (GPa) (GPa) (GPa) (%)
Dry samples
1 1Av 1.28 2378 1261 1.89 0.30 5.32 2.04 4.54 61.69
2 2Au 1.27 2430 1328 1.83 0.29 5.77 2.24 4.51 66.42
3 3A4s 1.28 2418 1298 1.86 0.30 5.61 2.16 4.62 63.39
Water saturated samples
4 4Bv 1.94 2700 1438 1.88 030 10.44 4.01 8.77 91.80
5 5Bv 1.95 2824 1650 1.71 024 13.18 5.31 8.46 120.42!
6 6Bu 1.49 2697 1471 1.83 0.29 8.30 3.22 6.54 81.30
7 7Bu 1.38 2293 1207 1.90 0.31 5.27 2.01 4.58 59.31
8 8B 1.50 2989 1700 1.76 026 10.92 4.33 7.60  102.96!
9 9Cv 1.35 1969 1076 1.83 0.29 4.01 1.56 3.14 56.06
10 10Cv 1.41 2131 1202 1.77 0.27 5.16 2.04 3.67 67.00
11 11D1y 1.34 2064 1076 1.92 0.31 4.07 1.55 3.63 52.25
12 12D2y 1.31 2040 1118 1.82 0.29 4.20 1.63 3.26 57.18
13 13D2y 1.31 1928 1052 1.83 0.29 3.73 1.45 2.93 54.42
14 14D2y 1.31 2051 1011 2.03 0.34 3.58 1.34 3.72 43.12
15 15D3x 1.39 1883 1022 1.84 0.29 3.74 1.45 2.98 54.48
16 16D5y 1.33 1977 1166 1.71 0.24 4.47 1.80 2.88 69.19
17 17D5k 1.35 2150 1172 1.83 0.29 4.78 1.86 3.77 60.59
18 18D5k 1.31 2269 1065 2.13 0.36 4.08 1.50 4.76 41.89
19 19D5y 1.33 1995 1167 1.71 0.24 4.50 1.81 2.88 69.36
20 20D5v 1.37 2130 990 2.15 0.36 3.66 1.34 3.93 39.42

I BI over 100 % of the results from the increased content of mineral matter in coal samples.
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Fig. 4 Microscopic images of selected macerals at the surface of the specimens: (a) Fuzinite (inertinite group) in
the 1Ay sample, reflected light; (b) Kolotelinite (vitrinite group) in the 7By sample, reflected light;
(c) Mikrinite (inertinite group) fillings and the relicts of the cellular structure in the 15D2y sample, reflected

light; and (d) Semifuzinite (inertinite group) in the 10Cy sample, reflected light.

4.2. DYNAMIC ELASTIC MODULI AND
BRITTLENESS

Looking at Table 3, a significant variability of
the velocities can be seen. The P-wave velocities in the
dry samples 1Av—3Ays, were similar and amounted
approximately 2400 m/s. The S-wave velocities were
lower by approximately 1100 m/s, which gave a Vp/Vs
ratio of 1.83-1.89. Due to the confining pressure
(almost 10 MPa), most of cracks were closed; thus, the
slight anisotropy in velocities depend mostly on the
arrangement of the layers—the highest velocity was in
the horizontal sample, and the lowest was in the
vertical sample. The dynamic elastic moduli amounted
0.29-0.30 (-) in v; and 5.32-5.77 GPa in E4, which
resulted in a B/ in the range of 61.69 %—66.41 %.

Samples 4Bv—8Bu were characterized by
a significantly increased bulk density—caused in part
by brine saturation, but primarily due to the high
content of mineral additives, which exceeded the
average density of bituminous coal available in
the literature (Attachment 1). This resulted in elevated

P- and S-wave velocities (approximately 2700-2800
and 1450-1650 m/s, respectively) in the 4By and 5By
samples. The velocities of the waves in the 8By sample
(2900 and 1700 m/s for P- and S-waves, respectively),
were caused by the presence of a strongly cementing
mineral content and presumably by less-developed
unfilled cracks, oriented parallel to the bedding planes.
The variability in the maceral mineral content in
samples 4-9 did not allow the observation of any
influence of the direction of measurement on the
velocities. Samples with a lower mineral content
(6Bw, 7BH,) were characterized by E,; below 10 GPa
and vy between 0.29-0.37 (-), which is similar to the
typically described coal samples in the literature
(Attachment 1).

The remaining B samples showed an elevated £,
modulus with a reduced v, ratio (above 10 GPa and
about 0.25, respectively), which corresponds to the
values published for sandstones and shales (e.g., Bala,
1990; Jizba, 1991). Elevated E; resulted in the B/
exceeding the limits given by Wu et al. (2019) for the
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coal samples, which is shown in Figures 6 and 7. A B/
above 100% in samples 5By and 8By suggests that
such a coal-mineral mixture should not be considered
as coal, even though coal is the primary component in
this rock. On the other hand, the wider-range limit B/
index given by Grieser and Bray (2007) is unsuitable
for coal because it does not reflect the susceptibility
fracking of coal due to its pre-existing cracks and
fractures. Assuming that the B/ limits for coal samples
given by Wu et al. (2019) are correct, then values
exceeding 100 % indicate an elevated content of high
stiffness mineral matter in relation to coal, but likely
do not reflect a further increasing susceptibility for
fracking.

Samples 9Cy and 10Cy, of a lower bulk density
than the previous samples, were characterized by
velocities in the range of about 2000-2100 m/s for P-
waves and about 1200 m/s for S-waves. Despite
a developed, pre-existing fracture system, v, remained
below 0.3 (-), which reflects the relatively small
deformation perpendicular to the stress direction.
Dynamic Young’s modulus, amounting to 4.0-
5.2 GPa, allowed the calculation of B/ in the range of
56 %—67 %.

The group of samples from the D coal mine were
collected from several locations, and demonstrated
various elastic properties. The velocities of the
P- waves were in the range from about 1900 to
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2300 m/s whereas S-waves were from 1000 to
1200 m/s. This resulted in a wide range of Vp/V ratios
(1.71-2.15), v (0.24-0.36), and a slightly higher E4,
compared to the samples from other coal mines.
Interestingly, the extreme values of v, corresponded to
samples from the same location in a coal mine (19D5y
and 20D5v). In this case, the waves propagated faster
through a vertical sample likely due to the slightly
increased mineral content and less developed natural
fracture network.

4.3. RELATIONSHIP OF MACERAL COMPOSITION,
WAVE VELOCITIES AND DYNAMIC ELASTIC
MODULI

Looking at the dependencies in Figure 5,
a downward trend in the P- and S-wave velocities with
a decrease in the mineral content in the samples are
visible. Elevated wave velocities in samples of high
mineral content (4By, 5By, and 8Bpy) resulted in
exceeding the E; to v, limits for coal as proposed by
Wu et al. (2019)—shown in the black rectangle in
Figure 6.

Figure 7 shows the relationship between the B/
and the mineral content in the samples. Samples from
the B coal mine, of high mineral content, were
characterized by an elevated B/. The only exception
could be sample 8By, of low mineral content, but
relatively high BI. Low porosity (2.7 %) and an
undeveloped developed fracture network resulted in
greater consolidation in this case. The low mineral
content in MS samples did not affect the BI.

In Figure 8 a trend of the maceral group content
in the measured BI background can be seen. Samples
containing more than 10 % mineral additives were not
included in this comparison. There was a downward
trend in the liptinite and inertinite content and an
upward trend in the vitrinite content, with the decrease
of BI. However, due to the small number of samples
and significant differences in the composition of
single samples, further research should be conducted
to confirm or deny these trends.

5. CONCLUSIONS

The maceral composition analysis and laboratory
ultrasonic measurements of coal core samples from
the Upper Silesian Coal Basin (USCB) allow the
following conclusions:

e A setof tested coal samples can be divided based
on maceral content, into several groups: banded
bright coals (containing mostly vitrinite), banded
coals (where vitrinite and others maceral content
are comparable) and banded dull coals (where
vitrinite content is minor).

e The measured samples are characterized by
velocities in the range of 1883-2700 m/s for
P- and 990-1438 m/s for S-waves. Velocities are
comparable to the literature data, however it
should be noted that the values shown in literature
are related to the coal samples of varied rank,
composition and measured in specific conditions.
Obtained dynamic elastic moduli: Young’s (£q)
and Poisson’s (v4) amounted to about 3.5-
10.4 GPa, and 0.24-0.36 [-] respectively.

e The coal samples characterized by increased
content of the mineral matter, reveal elevated
velocities (about 2824-2989 m/s for P- and 1650-
1700 m/s for S waves) and elastic moduli (about
10.9-13.2 GPa and in E4 and vq respectively).
These values allow to easy distinguish between
pure coal and mixed coal-mineral material.

e  The brittleness indexes (BI) of measured samples,
varied in the range of 39-91 %, reflect a good
hydraulic fracturing potential. Significant amount
of mineral matter in a few samples causes
elevated Eq moduli and exceeding proposed BI
limits for coal.

e A downward trend in the liptinite and inertinite
content and an upward trend in the vitrinite
content, with a decrease in the B/, were observed,;
however, due to the small number of samples,
further research should be conducted to fully
confirm these trends.
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Czupski, M., Kasza, P. and Wilk, K.: 2013, Fluids for
fracturing unconventional deposits. Nafta-Gaz, 69,

1965, Correlation of macro and
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Fig. 8 Relationship between the BI and maceral composition in the measured samples. Black solid line: trend

line (vitrinite), light grey dashed line: trendline (liptinite), and black dashed line: trend line (inertinite).

NOMENCLATURE

CBM  Coal bed methane, 150,

BI Brittleness index (%),

USCB Upper Silesian Coal B.asin, Poland, 42-50, (in Polish).

ICCP International Committee for Coal and Diessel. C.:

Organic Petrology,

P Bulk density (g/cm?),

Vp P-wave velocity, Melbourne, 669—677.

Vs S-wave velocity, Diessel, C.:

Va Dynamic Poisson’s ratio (-),

Eq Dynamic Youngs modulus (GPa),
Gy Dynamic shear modulus (GPa),
Ky Dynamic bulk modulus (GPa).
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Attachment 1 Comparison of selected elastic parameters of the measured coal samples and from the literature data.
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This paper

Qiuliang and
De-hua (2008)

Morcote et al.
(2010)

Wu et al.
(2015)

Lietal.
(2016)

Wu et al.
(2019)

Measurement T of about 25 °C, variable diff. p conf. p at 10.0 conf. p at 10.0 conf. p at 10.0 NPT T of about
conditions conf. p at 9.72 MPa MPa MPa MPa 25°C, 1 bar p
Coal type banded dull  banded bright banded dull mostly banded | coal, silty coal, bituminous coal, anthracite coal,  mostly vitrinite with anthracite coal, dry
coal, dry coal, bright coal, water coal, water shaly coal, dry dry dry inertinite and calcite
coal, water saturated saturated and water additive, dry
saturated saturated
p (g/cm?) 1.27-1.28 1.38-1.95 1.35-1.41 1.31-1.39 1.36-1.73 1.30-1.34 1.45-1.61 - 1.378-1.485
Vp (m/s) 2378-2430 2293-2989 1969-2131 1883-2296 2320-2560 about 2100-2600 2220-2632 2260-2540 1307-2602
Vs (m/s) 1261-1328 1207-1700 1076-1202 990-1172 1080-1250 about 950-1200 1091-1382 1060-1150 452-1388
v(-) 0.29-0.30 0.24-0.31 0.27-0.29 0.24-0.36 - - 0.27-0.35 - 0.24-0.46
E (GPa) 5.32-5.77 5.27-13.18 4.01-5.16 3.58-4.78 - - 4.62-8.05 3.70-4.30 0.846-7.331
BI (%) 61.69-66.42  59.31-—>100* 56.06-67.00 39.42-69.36 - - - - 3.10-77.42

* BI over 100 % results from increased content of the mineral matter in the coal samples.
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