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About the connection of the total porosity of fossil coal
with metamorphic transformations of coal seams

® Abstract. Studying the porosity of minerals, in particular coal, and understanding the relationship between its
structure and characteristics and properties is necessary for rationalising the use of coal, optimising processing
processes, and finding new methods of combating sudden emissions or gas release. The goal was to establish the
level of correspondence between the calculated values of the total porosity of coal (according to the empirical
equation) and their experimental determination by standard methods, as well as to determine the indicators of
the closeness of the correlation dependence of the total porosity on the degree of metamorphic transformations.
The research methodology was based on the analysis of the comparison of the compliance of the calculated
values of the total porosity for each separate coal seam according to the empirical equation with their values
established by standard methods. The results indicated that the physical characteristics of coal, in particular
density and porosity, change with the increase in the degree of metamorphism.The porosity of coal, the structure
of its porous system and the specific surface determine the filtration, diffusion and sorption processes both in
natural conditions of occurrence and during their changes under the influence of various physical and chemical
factors. It has been proved that there is a practical absence of correlation between the total porosity of fossil
coal and metamorphic transformations of coal seams when assessing the impact of these processes, taking into
account the volatile substances yield. The total porosity is a unique characteristic of a particular coal seam within
a mine field and is only partially determined by the volatile content. The averaged empirical dependencies on the
volatile matter yield provide only a general idea of the trends in coal porosity during metamorphic transformations
of coal seams. The results of the experiments make it possible to develop proposals for improving the regulatory
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framework for predicting the manifestation of dangerous properties of coal seams during mining operations. The
facts revealed in the research can be used in regulatory documents to predict the dangerous properties of coal
seams, as they allow the development of proposals and methods for improving the regulatory framework for safe
mining operations. This will lead to a decrease in the level of accidents with serious consequences, industrial

injuries at coal mining enterprises

® Keywords: coal seam; dangerous properties; coalification; labour protection

® Introduction

The issue of coal porosity and related phenomena is
of great practical importance, as it relates to the prob-
lems of gas capacity and gas carrying capacity of coal
seams, the solution of which would make it possible
to predict and manage the release of gases in mining
operations. Management of gas release directly de-
pends on the content of methane in mining products,
the amount of which can be contained under certain
conditions in fossil coal, is closely related to the struc-
ture of the coal substance. Porosity defines the physi-
cal properties of the rock, its overall strength, rate of
propagation of elastic waves, compressibility, electrical
and other characteristics.

Scientists T. Wang et al. (2023) emphasised in their
work that the pore-related characteristics of coal in-
clude porosity, specific surface area, pore volume, pore
size distribution and their relationship. Studying the
porous structure of various fossil coals and estab-
lishing its relationship with other characteristics or
features of coal, their properties is necessary for the
rational use of coal, optimisation of their processing
processes, and also, as noted by O. Bazaluk et al. (2024),
to develop effective methods for suppressing hazard-
ous emissions in coal or preventing emissions.

The nature of the hazardous properties of coal
seams, namely the release of explosive gas and dust,
unexpected gas and coal emissions, spontaneous
combustion of coal, explosiveness of coal dust and
other undesirable phenomena, has not been fully dis-
closed by 2024, therefore, ignoring occupational safe-
ty, using outdated mining technologies and methods
results in accidents with serious consequences for
workers. The problem of injuries and accidents at
enterprises has been considered by many scientists
(Nosal et al., 2021), and is still at a fairly high lev-
el. As noted by V. Tarasov et al. (2021), the problem
of endogenous fires and explosions of methane-air
mixtures, which lead to deaths, is of particular im-
portance in coal mining. M. Onifade & B. Genc (2020)
noted that a number of different methods have been
applied to minimise these cases, but the problem
still remains. Accordingly, scientific research aimed at
solving these problems is relevant for all coal-mining
countries of the world.

The aim of the work was to evaluate the strength
of the correlation between total porosity and the de-
gree of metamorphic changes in coal.

® Materials and Methods
All types of solid fuel have a porous structure. The ac-
tual sample density (d¢) is always greater than the ap-
parent density (d ). Their difference refers to the value
of the actual density and is expressed as a percentage,
which characterises the total porosity (P) of the coal:
dad-ar,

p=%"1a.
T ad

100. (1)

According to the same dependence, the value of P,
was calculated for a set of 590 coal seams according
to the catalogue of collector properties of hard coal
and anthracite (Makiyivka State Research..., 1985). For
this set of coal seams, the values of d’and d’were
determined experimentally according to DSTU GOST
No. 2160:2019 (2019) and ISO No. 5072:2021 (2021).
For the second set of 186 coal seams, the values of P.
were calculated according to equation (1), but using
the estimated values of d? and d according to em-
pirical dependencies. The catalogue (Makiyivka State
Research..., 1985) does not provide indicators of the
closeness of correlation for these dependencies. The
total volume of pores P,(p) in absolute terms for coal un-
loaded from rock pressure according to the catalogue
(Makiyivka State Research..., 1985) was determined
using the values of the actual (d“) and apparent (d,")
densities according to equation (2):

d_gr
Prpy = %, cm?/g. (2)

When determining P according to equation (2)
for a set of 590 coal seams, the experimental values of
d?and d, were used, established in a standard way in
accordance with the requirements specified by V. Taras-
ov et al. (2021). For the second set of 186 coal seams,
their values were calculated according to empirical
equations. In addition, the values of P’ were calculat-
ed in parallel to control the accuracy of calculations,
according to empirical equation (3), depending on the
yield of volatile substances during the thermal decom-
position of coal in a vacuum (V/%:

P, =0.114-0.006V% +0.00013(V*)%, cm¥/g.  (3)

The degree of compliance of the calculated val-
ues of Pr(p) according to empirical equation (3) with
their experimental determinations by standard meth-
ods was not established. For a long period of time, Vdf
was the only indicator of metamorphic transformations
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of seams when determining the consumer qualities of
coal in accordance with the geological and coal-chem-
ical map of the Donetsk basin (Donetsk State Coal
Research Institute, 1954). It remains one of the main
criteria in the modern classification of coal by genet-
ic and technological parameters according to DSTU
No. 3472:2015 (2015), and is also the main indicator
of metamorphism in determining the susceptibility
of coal seams to gas-dynamic phenomena (Order of
the Ministry of Energy and Coal Industry of Ukraine
No. 868, 2011). For these reasons, the V%" indicator has
been studied to a greater extent than other criteria, and
its values are given in the catalogue (Makiyivka State
Research..., 1985). This makes it possible, using the val-
ue of V% to estimate the degree of influence of met-
amorphic transformations of the seams on changes in
the total porosity of coal.

The methodology is based on a comparative anal-
ysis of the relationship between the calculated values
of the total porosity P for each of the set of 590 coal
seams according to empirical equation (3) and their
value P, determined by standard methods using equa-
tion (2). For the analysed set of 590 coal seams, the
closeness of the correlation with the volatile yield Vdaf
was determined by statistical processing by the least
squares method of the total porosity values calculated
using the experimental values of the real (d“) and ap-
parent (d ) densities according to equations (1) and (2).

® Results and Discussion
The graph comparing the calculated values of the total
porosity P’r(p) according to empirical equation (3) with
their determination by standard methods P, | according
to equation (2) showed significant differences in the
analysed ratios, as shown in Figure 1.

P 1y Py = 0401 - Py + 0.040; ,/2?
/g | 0= 0015 g/cm?; 1=0.59; 7 =590, .7
0.151
01— |
0.05
0 005 01 015 Py cm¥g

Figure 1. Interrelation between the calculated values of
total porosity and their determination for a set of 590 coal
seams according to the methodology of current standards

Notes: = - the established ratio for each coal seam between the
values of P’,(p) and Pr(p); 1 - averaging line; 2 - bisector of the
coordinate grid; r - correlation coefficient; o — root mean square
deviation; n - the number of processed data pairs

Source: authors’ development

In this case, there is no presence of high correlation
interdependence (r=0.59). The presence of maximum
distances of points in relation to the bisector of the co-
ordinate grid when P_ > 0.15 cm?/g (2), which deter-
mines the equality of ' and P, ,indicates insufficient
accuracy in determining the total porosity of P'r(p) using
the empirical equation (3). The direction of changes in
the total porosity of coal (P,(p) - equation (1) and P’r(p) -
equation (2)) during metamorphic transformations for
a set of 590 coal seams is illustrated by graphs of their
dependence on the yield of volatile substances (V %),
which are shown in Figure 2.

Pip,| 1)P,,=0.1061-0.00516-V+0.000111 (V)

cm3/g- 0=0.0218 g/cm?; R2=O.3f:r; r:=‘590.
2)P,=0.114 - 0.006 -Vdaf +0.00013 (Ve
0151 5=0.0220g/cm*; R2=0.33; n=186.. *
Ky 5 2
0.101 &

0.054

a 0 10 20 30 40 Var %

Pr| 3) P, = 14.587-0.734 Vel + 0,015 (V)%
0=2.54%; R?=0.45;n=590 |

b O 10 20 30 40 vl %
Figure 2. Dependence of the values of the total porosity of
coal (P,{p) and P), determined according to the methods of
generally accepted standards for a set of 590 coal seams

on the release of volatile substances (V)

Notes: x - values of total porosity P,(p) (@) and P_(b), determined

according to equations (2) and (1) using real (d?) and imaginary

(d/) density; 1 - empirical average curve of the second-order

polynomial obtained by the least squares method for a set of

590 coal seams; 2 - the average curve of the calculated values

of the total density () for a set of 186 coal seams according to

equation (3); 3 - the empirical average curve of the second-order

polynomial obtained by the least squares method for a set of 590

coal seams; o - root mean square deviation; R? - coefficients of

determination; n — number of processed data pairs

Source: authors’ development

The second-order polynomial shown in Figure 2(a),
curve 1, characterises a rather low, practically ab-
sent, correlation between total porosity and volatile
yield. The tightness of the connection (R? and o) for
the analysed complex of 590 coal seams is 0.34 and
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0.0218 cm?/g, respectively. Curve 2 is characterised by
approximately the same correlation indices (R?=0.33
and =0.0220 cm?3/g), in relation to the set of 590 coal
seams. This curve corresponds to empirical equation (3).
Almost identical correlation indicators for curves 1 and
2 indicate that the use of averaged calculated values of
P',(p) according to equation (3) did not affect the overall
accuracy of determining P, according to equation (2).

The obtained results show that the total porosity
of fossil coal is a strictly individual characteristic of a
particular coal seam, which is slightly dependent on
the yield of volatile substances. The average empirical
dependences on this indicator give only partial insight
about the direction of change in the total porosity of
fossil coal during metamorphic transformations of
coal seams.

The task of determining the volume of fossil coal
is characterised by the problems of gas capacity and
gas content of coal seams. The work by W. Han et
al. (2020) indicate that the pore structure of coal is an
important indicator for measuring the occurrence of
coalbed methane and the actual operational capacity
of coal mines. Despite a huge number of works in the
field of coal physics, there is no single theory for the
structure of fossil coals. According to the most general
idea, based on X-ray diffraction and electron micros-
copy, coals of various modifications are considered as
systems constructed of small graphite-like fragments
(crystallites) randomly oriented in volume and chain
non-aromatic part, as indicated by J.H. Shinn (1984) and
A. Oberlin (2021).

The porosity of coal, together with the structure
of its pore system and specific surface area, plays a
key role in regulating the processes of filtration, dif-
fusion and sorption. These processes take place both
in the natural conditions of coal deposits and during
coal transformation as a result of various physical and
chemical effects. In some cases, these factors include
the processes of metamorphic transformations of coal
seams. Under the influence of these processes, the ra-
tio between porosity types may change. It is divided
into three main types: general (or physical), effective
and open. Physical porosity includes the volume of
isolated and connected pores. An open porosity refers
to the volume of interconnected pores that are filled
with gaseous or liquid fluids when the rock is saturat-
ed in a vacuum. Open porosity is less than the total
porosity per volume of isolated pores. The effective po-
rosity determines the fraction of the volume occupied
by a moving fluid when the pore space is sufficiently
saturated with this fluid. B. Ma et al. (2020) noted that

the effective porosity is defined as the ratio of the vol-
ume of interconnected pore space to the total volume
of the porous sample.

The porous structure of fossil coal is directly relat-
ed to its crystal structure. T. Wang et al. (2023) found
that coal pores are mostly micropores and account for
more than 90% of the total pores. As of 2024, the pres-
ence of pores with a size of 103-10 m in the structure
of fossil coal can be considered proven. Porosity deter-
mination methods based on grinding and pycnometry
experiments give misleading results without taking
into account closed porosity. The problem of closed po-
rosity is studied from the standpoint of gas adsorption,
small-angle X-ray and neutron scattering techniques.

® Conclusions

The insufficient accuracy of determining the total po-
rosity using the empirical equation was established,
which is confirmed by the presence of maximum point
removals with respect to the bisector of the coordinate
grid at Pr(p)>0.15 cm?/g, which determines the equali-
ty P’ ,and P . The almost identical correlation coeffi-
cients of the dependences of the total coal porosity (P,(p)
and P ) on the volatile matter yield indicate that the
use of the averaged calculated values of P’ did not
affect the overall accuracy of the determination of Pr(p).
The total porosity of fossil coal is a strictly individual
characteristic of a particular coal seam, which to some
extent depends on the volatile matter yield. Based on
the averaged empirical dependences on (V) it is pos-
sible to state the direction of change in the total poros-
ity of fossil coal during metamorphic transformations
of coal seams. For the first time, the practical absence
of correlation between the total porosity of fossil coal
and metamorphic transformations of coal seams was
proved when assessing the impact of these processes
using the volatile substance yield. Prospects for fur-
ther research are the need to develop more accurate
methods for determining the total and closed porosity
of coal, in particular, taking into account its micropore
structure and metamorphic changes, as well as study-
ing the effect of porosity on filtration and sorption pro-
cesses in mine operation conditions.
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MNMpo 3B’a30K 3aranbHOI NOPUCTOCTI BUKOMHOIO BYFiNNA
3 MeTaMopdiYHUMU NEepPeTBOPEHHAMMU LLAaXTONNaCTIB

® AHoTauisi. BYUBUEHHS NOPUCTOCTI KOPUCHMX KOMANUH, 30KPEMa BYTiNNSA, Ta PO3YMiHHS 3B'3KY MOro CTPyKTypu
3 XapaKTepucTMKaMu Ta BNAaCTMBOCTAMM HeobXiAHe 3a4/d pauioHanisauii 3acTocyBaHHS BYrinng, onTuMisauii
nepepobHMX NPOLECiB Ta 3HAXOLXEHHS HOBMX MeTOAiB 60pOTbOM 3 panToBMMM BUKMOAMM abO ra3oBUAINEHHAM.
MeTa nondrana y BCTQHOBNEHI PiBHS BIAMNOBIAHOCTI PO3PaxXyHKOBMX 3HAYeHb 3arajJibHOI MOPUCTOCTI BYrinasg
(BiANOBIAHO A0 €MMIPUYHOTrO PiBHAHHSA) iX eKCMEPUMEHTANIbHOrO BU3HAYEHHS CTaHAAPTHUMU METOAAMM, a TaKoX
BM3HAYMUTU MOKA3HWUKKM TICHOTW KOPENALiMHOT 3aNeXHOCTi 3arasbHOI MOPUCTOCTI Bif, CTyneHs MeTamMopdiyHuUX
nepeTBopeHb. MeToamKa AOCNIAXEHb MPYHTYETbCA HA aHai3i NOPIBHAHHSA BiANOBIAHOCTI pO3paXyHKOBMX 3HAYEHb
3aranbHOi NOPUCTOCTI 419 KOXHOrO OKPEMOro LAXTOMAacTy BiANOBIAHO A0 eMNIPUYHOIO PiBHAHHS iX 3HAYEHHSIM,
BCTAQHOBNEHUM CTaHOAPTHMMM MeTodamu. Pe3ynbTaTu CBifyaTbh, WO 3 MNiABUWEHHAM CTyneHs MeTamopdizmy
3MIHIOOTLCS | PI3NYHI XapaKTepUCTUKKM BYFiNNg, 30KpeMa LWiNbHICTb i NOPUCTICTb. [TopUCTICTb BYrinng, CTpykTypa
MOro MOpuCTOi CUCTEMM Ta NMUTOMA MOBEPXHS BU3HAYAKOTb QinbTpauinHi, Audy3iiHi 1 copbuiliHi npouecn gk y
NPUPOLHMX YMOBAX 3aNAraHHA, TaK i Mif Yac iX 3MiH Nif BNAMBOM PiSHOMAHITHUX Qi3UYHMX Ta XiMIYHMX (aKTOPIB.
byno poBeaeHO NpakTU4YHY BIACYTHICTb KOPENsLUiMHOI 3aneXHOCTi 3aranbHOi NOPUCTOCTI BUKOMHOrO BYrinng Bifg
MeTaMopdiYHMX NepeTBOpPEeHb WAXTOMIACTIB NpU OLiHLI BRAAMBY LMX MPOLECiB, BPAaXOBYOUM MOKA3HWUK BUXOAY
NEeTKUX peYOBMH. 3arabHa NOPUCTICTb € YHIKaNbHOK XapaKTePUCTUKOK KOHKPETHOMO BYFiZIbHOMO MiacTa B Mexax
LIAaXTHOrO MO i AMLe YaCTKOBO BM3HAYAETLCA BMICTOM NIETKMX PEYOBUH. YcepeaHeHi eMMipuyHi 3anexHocTi Big,
NMOKa3HMKa BUXOLY NETKMX PEYOBMH HALAKOTh NIMLLE 3arajsibHe YSBEHHS NPO TeHAEHLIT 3MiHWM NOPUCTOCTI BYrinng
nif 4Yac mMetamop@iyHMX nNepeTBOpeHb WaxToniacTie PesynbtaT gocnifis [LO3BONSOTb po3pobuTh nponosuuii
33419 YAO0CKOHANEHHS HOPMAaTMBHOI 633K LWOA0 NPOrHO3yBaHHS NPOsIBY HeGEe3neyHNX BNaCTUBOCTEN LIAXTONNACTIB
npu ripHM4mMx poboTax. BusBneHi y pocnigkeHHi dakT MOXHa BMKOPUCTOBYBATM Y HOPMATUBHUX BOKyMeEHTax
LN NPOrHo3y Hebe3neyHMX BNACTMBOCTEN LAXTOMMACTIB, OCKiIbKMW BOHW A03BONSOTH po3pobuTM npono3sumuii
Ta MeTOAMKM LWOAO YAO0CKOHANEeHHsS HOpMaTMBHOI 6a3u 3 B6e3neyHoro BeAeHHS ripHMymx pobit. Lle npussene no
3HWXKEHHS PiBHS aBAPIMHOCTI 3 TAXXKMMU HaCNifKaMu, BUpOOHMYOro TpaBMaTU3MY Ha BYrief00yBHUX NiANPUEMCTBAX

® Kniouosi cnoBa: ByrifbHUIA NNacT; Hebe3neyHi BNACTUBOCTI; Byrnedikauis; oxopoHa npawi
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